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This thesis focused on investigating excimer-laser induced melting and 
solidification of thin metallic films on SiO2.  Two distinct topics were pursued: (1) 
microstructural manipulation and optimization of Cu films via SLS of as-deposited Cu 
films on SiO2, and (2) investigation of oriented heterogeneous nucleation via complete 
melting and subsequent nucleation-initated solidification of Ni films on SiO2. 
The work on SLS of Cu films is motivated in large part by the need to improve 
the properties of Cu films which, among other applications, constitute an essential 
element in the continued evolution of microelectronic products.  The experiments we 
have conducted show clearly that the film can be, without much difficulty, melted and 
solidified using pulsed-laser irradiation.  Based on the findings from a series of 
systematic single-shot expeirments, we show that SLS can be properly implemented to 
obtain large-grained Cu films with controlled microstructures and restricted textures. 
The lateral growth distance was found to increase as a function of increasing 
incident energy density.  This observation is consistent with the findings that were made 
previously using other materials, and basically indicates that lateral solidification 
continues until the interface is halted by the interfaces growing from nucleated solids, 
which are triggered within the liquid matrix ahead of the growing interface.  Close 
examination of the laterally grown grains, which quickly develop <100> rolling direction 
crystallographic orientation texture due to occlusion of differently oriented grains, reveal, 
furthermore, that low-angle grain boundaries as well as twins can be generated during the 
growth.  These intra-grain defects are found to appear in a systematic manner (as they are 
located at specific regions and observed under specific incident energy densities). 
Significantly longer lateral growth distances observed in Cu films (compared to that of Si 
films) was attributed to the fact that substantially higher growth rates are expected with 
simple metallic films at a given interfacial undercooling. 
The implementation of SLS using Cu films was accomplished quite effectively, as 
can be expected from the above lateral-growth-related results involving single-shot 
expeirments.  We were able to achieve a variety of large-grained, grain-boundary location 
and grain-orientation controlled Cu films via various SLS techniques.  When performed 
optimally in accordance with the findings made in chapter 2, the resulting microstructure 
exhibits large grains, which are primarily devoid of intra-grain defects.  For example, 2-
shot SLS processed Cu films led to strong <100> rolling direction orientation, while 
avoiding the formation of low-angle grain boundaries and twin-boundaries.  The 
highlight of SLS on Cu films correspond to a version of SLS (referred to as “2-Shot plus 
2-Shot” SLS) in which the second 2-shot SLS is performed in the direction perpendicular 
to the first one.  Through this approach, we were able to achieve grain-boundary-location 
controlled microstructure with a strong <100> orientation texture in all three dimensions 
(forming, effectively, an ultra-large quasi-single crystal material). 
Nucleation of solids in laser-quenched Ni films was investigated using EBSD 
analysis.  The surface orientation analysis of nucleated grains obtained within the 
complete melting regime reveal a clear sign of texture.  From these and additional 
findings from previous work involving Al films, we were able to conclude that systematic 
heterogeneous nucleation has taken place, and, furthermore, that oriented nucleation of 
the solids must have taken place.  Although always suspected to be the case, it is typically 
extremely challenging to prove with certainty, in conventional nucleation experiments, 
that the mechanism of nucleation corresponds to that of a heterogeneous one.  
Furthermore, although it has been suspected theoretically for over 50 years, experimental 
results that clearly show that oriented nucleation actually transpires have not been 
obtained until our work involving Al films; the present findings involving Ni films 
further strengthen this conclusion as the Ni system removes some of the experimental 
uncertainties that are associated with Al films, and, furthermore, suggests that the process 
of oriented nucleation is a general and rather pervasive phenomenon.  Additionally, it 
was observed that the selected orientation changed as a function of incident energy 
density; in the low energy density regime (above the completed melting threshold) 
{110}-surface texture was observed, while {111}-surface texture became more dominent 
at higher densities. 
Motivated by our experimental work involving Al and Ni that clearly indicates 
that oriented heterogeneous nucleation is a major path through which heterogeneous 
nucleation of solids occurs, we have also carried out a 2-dimensional Winterbottom-type 
thermodynamic analysis that can be used to obtain a better understanding of the 
phenomenon.  In contrast to the previous work on the subject, we consider in our 
modelling the anisotropic nature of both the solid-liquid and solid-substrate interfacial 
energy; we advocate that this is the only physically consistent combination.  The results 
show that oriented nucleation can be systematically accounted for as stemming from the 
expected anisotropic nature of the involved interfacial energies.  Furthermore, the 
analysis also suggests possible reasons for observing a transition in surface texture from 
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1. Introduction and Outline 
  
1.1 Introduction 
This dissertation deals with rapid solidification of thin metallic films melted by 
pulsed-laser irradiation of the films.  It builds on some of the findings obtained 
previously in the course of investigating Si and Al films; these materials were 
investigated as they are widely utilized for the large-area and microelectronics industry, 
and, being elemental, they also present opportunities to investigate the subject of rapid 
far-from-equilibrium phase transitions.1, 2, 3, 4 
For a number of decades, the semiconductor industry has undergone a rapid pace 
of development and progress.  Most of these improvements have relied on the industry’s 
ability to continuously decrease the minimum feature size involved in fabricating 
integrated circuits.  This need to continuously shrink the size of the devices and circuits 
can be recognized as being of extreme significance, as fulfilling the associated scale-
reduction roadmap lies at the heart of increasing the performance and decreasing the cost 
of essentially all high-technology-based electronic products.  A well known expression 
referred to as “Moore’s Law” describes the above situation in terms of increasing 
performance over time. 
The application of metals to electronic devices or integrated circuits has been 
referred to as metallization.5  When specifically used as interconnecting wires on a chip, 
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package, or electronic board, the term “interconnection” (or “interconnect”) is often used 
instead of metallization.6  The demands on improving the properties of thin films, 
including interconnect layers, have increased continually over the years.7, 8  The demands 
involve improvements not only regarding the fundamental characteristics of the thin-film 
materials, but also involving the ease and reliability with which the materials can be 
processed at sub-micrometer dimensions.9 
A high-performance interconnect structure on a chip is an increasingly important 
and critical element in determining the full performance of submicrometer circuits.  
Unfortunately, continued miniaturization of the devices and circuits has resulted in a 
substantial discrepancy at the fundamental level between the device performance and 
interconnect delay.  Traditionally, Al has been used as the preferred material for the 
interconnect network.  Continued shrinkage of the devices has placed increasingly 
challenging demands on the Al interconnect network, the demands that arise from the 
lack of space in the two-dimentional planar configuration, the resistance of the 
interconnects, fringing capacitance between in-plane and out-of-plane interconnects 
isolated from each other by the high-dielectric-constant insulator, and increasing current 
densities. 
The need to improve the performance of metallic films is important not only in 
the semiconductor industry, but it is also of relevance in the flat-panel display industry.  
For instance, organic light-emittng diode (OLED) displays are based on the operation of 
current-driven devices, where high currents are needed to produce high illuminance in 
OLED diplays.  Obtaining high-illuminance OLED displays (with, for instance, 150 nits 
luminance) requires a substantially thicker and wider Al interconnects (so as to (1) 
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increase the current, (2) reduce the associated RC delays, while (3) avoiding the problem 
of electromigration-induced failure of the wires) than are being utilized at present in 
making LCD displays.  However, there is a limit to which one can increase the 
dimensions of Al films, as the size of the pixels becomes increasingly smaller with the  
resolution of displays being conitnuously increased.  In addition, Al interconnects on 
OLED displays are being recognized as the cause of several problems, such as corrosion, 
drop in IR (current-resistivity), and contamination by diffusion. 
For a number of years, even as the aforementioned issues and demands have 
arisen at industries, pulsed-laser-induced melting and solidification of thin films has 
provided many opportunities to researchers for investigating phase transitions that take 
place rapidly at far-from-equilibrium conditions.  Here, a short-pulse-duration-laser 
(typically less than ~100 ns) is employed to quickly heat and induce melting of a film on 
a cold substrate.  Subsequently, the film is rapidly cooled via conduction to the substrate, 
and depending on the degree and extent of melting, the film will undergo solidification 
proceeding from the unmelted portions of the film, or, when completely melted, from 
nucleated solids. 
Technologically, pulsed-laser annealing of Si films has been adopted in the 
manufacturing of advanced displays such as high-resolution mobile displays.10, 11 In the 
early days of flat panel display manufacturing, amorphous Si (a-Si), which can be easily 
form via simple depositions processes, was the material of choice for making thin film 
transistors (TFTs) on glass.  However, the performance of TFTs fabricated using a-Si is 
quite limited (with low mobility values of less than10 cm2/Vs), which, in turn, increases 
the size of the devices, thereby decreasing the aperture ratio of the displays.  
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Additionally, for OLED displays, the well-known problem of material instability 
associated with a-Si can be further recognized as making the material highly unsuitable 
for these next-generation displays.  For these and additional reasons, polycrystalline Si 
(poly-Si), which produces stable TFTs with high mobility values that permit 
manufacturing of small TFTs, are currently in the process of replacing a-Si for various 
next generation high-performance flat-panel displays.  Among the various approaches 
that have been investigated for making poly-Si films on glass substrates, the excimer-
laser-based melt-mediated crystallization method has been chosen and established as the 
effective and efficient method of manufacturing.  When performed in an optimal manner, 
the method generates high-quality polycrystalline Si films that are of sufficient quality for 
making various advanced LCDs and OLED displays. 
Pulsed-laser irradiation of thin films presents researchers with unusually good 
opportunities for investigating the phenomenon of nucleation transpiring within a 
condensed matrix.  The fact that one can deal with clean and elemental films in a 
controlled environment wherein extremely rapid cooling of the liquids can be 
accomplished to trigger well controlled nucleation over a wide range of temperatures and 
rates means that the approach can overcome the kind of extremely challenging 
experimental problems that plague the conventional bulk-system based experimental 
approaches and techniques for investigating nucleation. 
1.2 Statement of Problems 
For various application specific reasons, the need to improve the conductivity and 
electromigration-resistant characteristics of interconnects is being recognized as an 
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important technological goal.  Since material properties depend on the specific 
microstructure of the metals, it is important to develop technical schemes through which 
one can efficiently and effectively manipulate and optimize the microstructure of metallic 
films (e.g., grain size, crystallographic orientation distribution, intra-grain defects, etc.).  
Motivated, in part, by this challenge and opportunity, the first part of this thesis focuses 
on investigating the suitability of processing Cu films by using excimer-laser irradiation 
of as-deposited material.  First, the details of single-shot irradiated regions that 
subsequently undergo controlled lateral solidification are closely examined.  Building on 
these findings, we show that it is possible to effectively apply, and that much 
microstructural manipulation and optimization can be accomplished by, an advanced 
pulsed-laser crystallization technique referred to as sequential-lateral solidification (SLS).  
Various SLS schemes were successfully applied to produce a variety of large-grained and 
low-defect density Cu films with (a periodic microstructural pattern) that presumably are 
well suited for being used as interconnects in micro- and large-area elelctronic 
applications. 
The second part of the thesis focuses on taking advantage of the experimental 
situation at hand (i.e., rapid melting and quenching of thin elemental metallic films on an 
inert SiO2 surface) to investigate the nature of nucleation phenomenon.  Compared to the 
traditional techniques in which “bulk” liquid droplets are employed to study the 
phenomenon, the present investigation is shown to yield various experimental advantages, 
particularly when it comes to examining the nature of heterogeneous nucleation.  
Heterogeneous nucleation is essentially encountered in all experiments and processes 
where nucleation transpires, but, ironically and paradoxically, it has been effectively 
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impossible to investigate the phenomenon in a sufficiently systematic manner to discuss 
the various important details of the process.  In this thesis, using Ni, we show that our 
situation permits us to unambiguously conclude a very basic and important aspect of the 
heterogenous nucleation mechanism: it proceeds via nucleation and growth of oriented 
nuclei.  This finding more forcefully substantiates the preliminary conclusion regarding 
this phenomenon from our previous work involving Al.  We also carry out a 
thermodynamic analysis to better understand this phenomenon of oriented nucleation.  
We discuss how the previous theroretical work involving this topic can be identified as 
being incomplete and inconsistent, and show that it is possible to provide a more 
comprehensive treatment by incorporating the anisotropic nature of solid-liquid, as well 
as solid-substrate interfacial energies to reveal that systematic selection of oriented nuclei 
can be achieved.  We discuss our experimental observation in terms of these theoretical 
findings. 
1.3 Experimental Setup 
Metallic films were deposited on Si substrates with two different SiO2 thicknesses 
in order to provide varied thermal conduction process and, ultimately, result in different 
times for the super-cooled temperature of irradiated metallic films.  Thermally oxidized 
100 nm SiO2 on 700 µm (± 50 µm) Si wafers, with a (100) orientation on the surface in 
the normal direction, were used, as well as a 2 µm SiO2, thermally oxidized film, on the 
same Si wafers.  With regards to thin metallic films on these substrates, thin film 
deposition has been performed using an electron-beam (e-beam) evaporation system, 
SEMICORE SC2000 at the CEPSR Clean Room, Columbia University.  For Ni and Cu, 
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SEMICORE SC2000 operated in the mid 10-9 Torr vacuum range, with approximately 10 
nm/s deposition rate.  The film thicknesses of Ni and Cu that were deposited by a sputter 
and an e-beam evaportor  were 100nm, 200nm and 300nm.  These different film 
thicknesses provided small variations of thermal conductance, leading to the different 
supercooled temperatures of irradiated films, which were then compared with the results 
of the SiO2 thickness variations. 
The pulsed-laser irradiation system consisted of a power-controlled excimer laser, 
an optical beam delivery system, and a high-precision translation stage.  The beam 
energy density can be precisely controlled by adjusting the high voltage of the pulsed-
laser and the optical attenuator.  The beam-delivery optics were designed so that the 
beam could be spatially homogenized and precisely shaped.  Some of the experiments 
(e.g., SLS) required that the stage be accurately controlled so as to precisely translate the 
substrates.  Figure 1.1 shows a schematic diagram of the pulsed-laser irradiation system. 
 
Figure 1.1 A schematic diagram shows a laser-induced crystallization system 
consisted of laser, optics and stage.  The light blue lines represent the 
optical path; mirrors are colored dark blue in the schematic diagram. 
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Analysis equipment utilized in this dissertation consists of atomic force 
microscopy (AFM), scanning electron microscopy (SEM) and electron backscatter 
diffraction (EBSD) analysis. AFM was used to examine the three-dimensional surface 
morphology of melted and solidified grains of metallic films with very high spatial 
resolution.  SEM was used to investigate the surface microstructure of the irradiated films, 
and  EBSD analysis employed in order to analyze the crystallographic orientation of the 
irradiated films.  An EBSD tool collects and analyzes backscattered Kikuchi patterns to 
provide the orientation of individual grains, allowing for the microstructure of crystalline 
grains to be coupled to the crystal images.  Figure 1.2 shows a schematic diagram of an 
EBSD system. 
 
Figure 1.2 Schematic diagram showing the components of an EBSD system and 
how the EBSD system working in SEM. 12 EBSD analysis is used for 




2. Laser-induced Crystallization of Metallic 
Films 
  
This chapter focuses on investigating the microstructural details of laterally 
solidified Cu grains.  This is accomplished by “micro-flood” irradiation of Cu films using 
a homogenized excimer-laser beam with a sharply defined beam edge profile.  The lateral 
growth distance, orientation of the laterally solidified grains, and the formation of intra-
grain defects (e.g., low-angle-grain boundaries and twin boundaries) of the grains are 
examined by EBSD analysis.  It is found that significant lateral growth, many times 
greater than can be obtained in Si films under similar experimental conditions, can 
proceed before the growth is eventually halted by solidification from the nucleation-
triggered grains.  However, it is also observed that, in contrast to Si or Al films, sub-
boundaries and twins can appear systematically during the growth.  Additionally, a strong 
rolling direction crystallographic texture (i.e., <100>) is observed; we suggest that this 
selection arises as a consequence of occlusion among the variously oriented 
polycrystalline seeds.  These findings form the basis on which an advanced form of thin 
film crystallization (referred to as sequential lateral solidification (SLS)) is optimally 
implemented and presented in the next chapter. 
2.1 Introduction and background 
Rapid melt-mediated crystallization of thin films induced by pulsed-laser 
irradiation represent an established research area.  Many investigators have conducted 
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experimental and theoretical studies involving the pulsed-laser melting and solidification 
of thin films (e.g., Si and Al).  Based on previous experimental findings that were 
obtained in the course of investigating the pulsed-laser crystallization of Si and Al thin 
films, three major transformation regimes/scenarios were identified.  These are: (1) the 
partial melting (PM) regime, (2) the complete melting (CM) regime, and (3) the near-
complete melting (NCM) regime.  The near-complete-melting (NCM) regime was 
discovered by precisely varying the laser energy density between the PM and CM 
regimes in the course of investigating the pulsed-laser crystallization of Si films.2, 13  
Figure 2.1 illustrates these pulsed-laser-induced rapid-phase transformation scenarios 
corresponding to PM, NCM and CM regimes. 
 
Figure 2.1 Schematic diagrams illustating rapid-phase tranfromation scenarios 
using a pulsed-laser.  Three regimes can be identified; (a) partial-melting, 
(b) near-complete-melting, and (c) complete-melting (i.e.  heterogeneous 
nucleation triggering solids at or near the substrate).  Typically, 
exceedingly large-grained polycrystalline films can be produced in near-






 The partial melting (PM) regime is encountered at low laser energy densities.  In 
the PM regime, laser irradiation induces partial melting of the films followed by vertical 
regrowth.  A small increase in the grain size is observed with increases in the laser energy 
density.  This occurs up to the point at which the average grain size is approximately 
equal to the film thickness.  On the other hand, in the complete-melting (CM) regime, the 
incident energy density is high enough to melt the films completely.  If the substrate does 
not induce epitaxial regrowth, then the molten films are rapidly supercooled to a 
temperature well below the melting point.  Subsequently, copious nucleation events take 
place in the supercooled liquid and rapid solidification follows.  As a result, the grain size 
in the CM regime, in the case of Si films, is insensitive to variations in the laser energy 
density.  Observing and making the interpretations regarding these two limiting cases as 
described above also means that there should be a transition regime, within which 
comparatively large-grained polycrystalline films are expected to be obtained (vs. those 
obtained within the PM and CM regimes).  
2.1.1 Super-Lateral Growth induced by pulsed-laser-irraditaion 
To explain the super lateral growth phenomenon, we begin by discussing the 
details associated with the near-complete melting (NCM) regime.  Between the partial 
melting (PM) regime and the complete melting (CM) regime, exceedingly large grains 
have been observed in pulsed-laser-irradiated Si films.  This phenomenon is referred to as 
“super lateral growth” (SLG).  These large grains result from the liquid phase regrowth 
from the discontinuous and small solid seeds which were never fully melted.  The SLG 
regime corresponds to the condition at which near-complete melting of the films occurs 
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to the extent that the unmelted Si film no longer forms a continuous layer.  Instead, the 
residual Si is composed of discrete islands.  Subsequently, as the beam intensity decrease 
and the film temperature commensurately decreases, growth is initiated from these solid 
clusters.  Figure 2.2 shows SLG Si grains after laser irradiation.  The maximum extent to 
which SLG can continue is ultimately limited by nucleation, since the continuous cooling 
of the liquid layer via conduction to the substrate in the completely molten region, would 
eventually lower the liquid temperature to the point where copious nucleation of solids 
would take place (within the liquid region ahead of the interface), thereby subsequently 
stopping the growth.  This means that laterally growing interfaces, which start from the 
unmelted solids, can potentially meet (i.e., impinge) and form grain boundaries, if the 
seeds are located sufficiently close to each other so that nucleation is avoided.  
Conversely, if the unmelted regions are farther apart than can be covered by SLG, then 
nucleated grains will inevitably form in between the laterally solidified regions. 
 
Figure 2.2 Defect-etched SEM images of SLG grains on 100 nm Si film obtained  
via pulsed-laser irradiation. 14  The micrograph in (a) shows the 
microstructure of the Si film irradiate in the near-complete melting regime, 




Many researchers have attempted to develop methods to make use of the SLG 
regime in the hopes of producing large-grained microstructures.  However, it has been 
confirmed (as was initially suggested from the onset) that the processing margin for SLG 
is exceptionally narrow due to the following reasons.  First, the size of grains in the NCM 
regime is hyper-sensitive to the  laser energy. Because pulsed-lasers typically have 
significant pulse-to-pulse energy and spatial beam profile variations (which are large 
enough to fall outside of the NCM regime), it is exceedingly difficult to consistently 
operate in the narrow NCM energy density window.  Second, both SLG and nucleated 
(i.e., non-SLG grains) grains can easily coexist in films that have been irradiated in the 
NCM regime (especially the full-melt/complete-melting threshold energy density is 
approched.  Nevertheless, given the fundamental physical atttributes associated with SLG, 
it is possible to conceive of an irradiation scheme that takes advantage of the beneficial 
aspects of the phenomenon (in order to systematically and consistently create a favorable 
microstructure), while elimininating some of the previously mentioned process-related 
issues.  
In contrast to the pulsed-laser irradiation studies of Si films, the NCM regime may 
be identified as having a smaller energy density window and can exhibit different 
microstructural characteristics in the case of metallic films (e.g., Al films).  In the case of 
Si, the Si absorption coeffecient decreases as the temperature increases.  Because of this, 
the onset of complete-melting is delayed by the appearance of a relatively large NCM 
window.  However, the opposite scenario is encountered in Cu and Ni films.  In this case, 
the absorption coeffecient actually increases as the temperature increases.  As such, there 
is more of an abrupt change from the PM regime to the CM regime, due to rapid 
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superheating of the film.  Because of this, the energy density window for NCM is 
extremely small and it is very difficult (from an experimental standpoint) to obtain 
uniform and large-grained polycrystalline films.   
The reflectivity change of Cu films during laser-induced crystallization can be 
calculated using the Drude model.  Based on the Drude model, the optical properties of a 
metal are determined by the plasma frequency, the optical frequency, and the relaxation 
time of electrons in the metal.15  The relaxation time is the reciprocal of the electron-
phonon collision frequency, averaged over the electron distribution in k-space.  The 
collision frequency is proportional to the phonon population in metals, and, the phonon 
population is determined by temperature.  Melting, with its associated disorder, further 
increases the electron-phonon interaction, and hence, is expected to lower the reflectivity, 
although electron-ion collision in liquid phase was not discovered.16,17 Thus, an increased 
Cu film temperature further reduces reflectivity.  The reflectivity change is shown in 
Figure 2.3 at 0.69, 1.06, and 10.6 µm wavelengths as a function of temperature.  At 
shorter wavelengths (i.e., 0.69 µm), the reduction amounts to 20~30% for Cu films.  At 
longer wavelengths (i.e., 10.6 µm), the reflectivity is high and the reduction due to 
temperature is small. 
In the following section, we will describe a technique that has been previously 




Figure 2.3 Calculated reflectivity as funcion of temperature at 0.69 µm, 1.06 µm 
and 10.6 µm wavelengths for Al, Au, Ag and Cu.  These reflectivities 
decrease as the metal temperature increase.  These metals increasingly 
absorb incident beam energy to be metled as these metal temperature rises. 
2.1.2 Controlled Super-Lateral Growth of thin films 
A method, referred to as controlled super-lateral growth (C-SLG), represents a 
simple way to obtain large-grained materials.2,13 The C-SLG process entails inducing 
complete melting in a localized and well-defined region within a film.  As the 
temperature decreases, controlled lateral growth initiates from the unmelted regions (that 
are adjacent to the completely melted area), and proceeds into the completely molten 
portion of the film.  C-SLG can be achieved by a number of technical schemes, most of 
which are based on shaping of the incident beam. 
The C-SLG method takes advantage of the SLG phenomenon while avoiding the 
difficulties associated with processing in the NCM regime.  First, since C-SLG takes 
place in the complete melting regime (which has a wide energy range), the narrow 
process window encountered in dealing with the NCM regime is avoided.  Second, since 
growth is initiated from unmelted seeds next to the molten area of the film, nucleation-
triggered solidification is suppressed leading exclusively to large grains.  However, the 
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overall distance that lateral growth can occur has several limiting factors, 18,19  as 
discussed underneath. 
The first factor is associated with the curvature- and temperature-dependent 
interface response function of the solid ( ).  Second are the details 
associated with the nucleation kinetics of solids in supercooled liquids ( ), namely the 
extra lateral growth occurring after nucleation due to the growth into the nucleation free 
zone near the interface.  One final factor is the transient lateral-thermal profile at and near 
the solid liquid interface ( ) which is a time-dependent lateral length associated with 
interfacial recalescence.  The consideration of these factors predicts that the SLG distance 
will increase with conductivity of the substrate, and increasing pulse duration.  Taking 
into account all of these factors, the growth length of SLG grains ( ) can be described as,  
(2.1)  
where is the radius of the initial seed. 
There are two well-known methods for obtaining C-SLG grains, both of which 
entail precisely controlling the completely molten area created upon laser irradiation.  
They are (1) a film-patterning-based approach, and (2) the beam-shaping method.  In the 
first technique, a patterning step is performed (either on the top layer, a buffer layer, or 
both).  This leads to a difference in the thermal conductivity characteristics in the areas 
defined by the pattern, which, in turn, defines the solid/liquid area.  This patterning 
approach can also be used to define the local optical and absorption properties of the film.  
The second method, which involes shaping of the incident laser beam, spatially defines 
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the irradiated areas on the film (i.e., where the beam is “on,” complete melting is 
induced).  The shaping of the beam is typically accomplished through the use of various 
beam masking techniques.  The beam-shaping-based C-SLG techniques permit greater 
flexibility in terms of manipulating the microstructures via multiple irradiation schemes.  
An example of C-SLG of an Al film is shown in Figure 2.4, where C-SLG grains 
are obtained.  In Figure 2.4 (a), the width of the beam is narrow enough such that C-SLG 
grains (i.e.  laterally grown Al grains) impinge on one other, whereas in (b), the width of 
the irradiated region was sufficiently large such that C-SLG grains were halted by 
solidification from nucleation-triggered grains.  Hence, when the molten region is bigger 
than twice the SLG distance, nucleation-triggered solidification occurs in the middle of 
the molten zone during  the C-SLG process. 
 
Figure 2.4 AFM iamges showing C-SLG on 200nm Al induced by pulsed-laser-
irradiation.  (a) shows C-SLG without nucleation during solidification and 
(b) shows laterally grown grains which were halted by solidification from 
nucleation-triggered grains 
The C-SLG method, which is based on using a single-shot irradiation to induce 
lateral solidification, is inherently limited since it cannot create laterally solidified grains 
that are longer than twice the width of the maximum lateral growth distance, which may 




C-SLG can be useful if such distances are sufficient for applications, and is a flexible 
technique which can be implemented using various new schemes. 
2.2 Experimental results: micro-flood irradation of Cu films 
In order to investigate the details associated with C-SLG of metal thin films, we 
have performed systematic “micro-flood” irradiation experiments.  Here, a single pulse is 
spatially defined such that the energy distribution across the irradiated area (typically 320 
µm x 320 µm) is very uniform.  The micro-flood experiment has three important 
advantages in the study of thin film melting and solidification processes.  
First, the micro-flood irradiation allows one to determine easily and clearly when 
the film has undergone partial-melting or complete-melting (as it is possible to 
simultaneously examine both the edge of the irradiated region, as well as the interior of 
the region).  When there is an absence of laterally-grown grains along with a 
preponderance of nucleated grains, it can be inferred that the film was irradiated in the 
partial-melting regime.  Conversely, when laterally grown grains (initiated from the 
unmelted/unirradiated portion of the film) are seen in the resulting microstructure at the 
edge, we can conclude with certainty that the film was irradiated at an energy density 
sufficient to induce complete-melting.  
Second, micro-flood irradiation can help us understand the nucleation process 
taking place within the thin films.3 After a single irradiation, a particular microstructure 
can be observed and certain salient features can be noted (such as grain size, grain shape, 
the existence of absence of Voronoi-polygons, etc.).  If the same area is subsequently re-
irradiated (so as to induce complete melting), the similarities and differences of the two 
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microstructures can be compared.  Based on these observations, it is possible to infer 
whether the nucleation proceeded via the same, or a different, mechanism.   
Third, micro-flood irradiation allows us to induce C-SLG, systematically and 
easily, in a reproducible manner.  By inspecting the laterally grown grains (which are 
terminated either by occlusion or copious nucleation in the supercooled liquid), we are 
able to elucidate some of the solidification details in the C-SLG region.  Furthermore, we 
can examine the formation of defects during solidification. 
For investigating the situation systematically, we have irradiated Cu thin films 
under a wide range of laser energy densities (varying from the values at which no 
apparent changes are observed the values at which complete melting of the films can be 
clearly discerned).  The sample configuration was as follows: 1 µm Cu films were 
sputter-deposited on SiO2-coated glass substrates.  Experiments were carried out in air 
and at room temperature without preheating of the substrates.  A Cr on quartz mask and 
associated optics were used to define 320 µm x 320 µm irradiation area.  Non-uniformity 
of the irradiated area was minimized, as much as possible, using the laser projection 
system equipped with optical beam homogenizer.  The microstructural analysis was 
carried out using a JEOL 5600-LV SEM equipped with an EBSD system, as well as using 
a Digital Instruments Dimension 3000 AFM.  Measurement of lateral growth length was 
carried out through evaluation of more than 15 points on several SEM images for each 
irradiation condition.  In plotting the resulting values, the error associated with the 
measurements lies within the dimension of the data symbol.  The microstructure of the 





Figure 2.5 SEM image shows a “micro-flood” irradiated 1 µm thick Cu film.  
Laterally grown Cu grains (i.e.  white dashed arrows: growth or rolling 
direction) are halted by the solidification from nucleation-triggered grains 
(i.e.  yellow dashed circles). 
When the incident laser energy density is high enough to induce complete melting 
of the Cu film, two microstructurally distinct regions can be observed.  The first region 
corresponds to laterally grown grains (which are approximately 33 µm in length in this 
case) as indicated by white arrows in Figure 2.5.  The second region appears as disk-
shaped grains (which are indicated by yellow circles in the figure).  In contrast to the 
laterally solidified grains, which originate from the unmelted region, these grains are 
formed via nucleation and growth of solid.  The nucleated-grain size and lateral growth 
distance as a function of incident laser energy are plotted in Figure 2.6. 
In the case of micro-flood irradiated Cu films, the length of laterally grown grains 
as well as nucleated grains increases gradually with increases in energy density, up to 
2.265 J/cm2.  In contrast, as the energy density is increased above 2.265 J/cm2, both the 
lateral growth length and nucleated grain size decrease simultaneously.  The reasons for 
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these reductions are discussed in the Appendix, but a brief explanation will be offered 
here.  As will be shown below, the number of nucleated grains falls with increasing 
energy density, allowing the nucleated grains to grow larger.  Furthermore, as the energy 
density increase, the point at which nucleation is triggered become more and more 
delayed, and this, in turn leads to an increase in lateral growth length. 
































Figure 2.6 A graph showing the lateral growth distance (black dots and line) 
and nucleated grain radius (blue dots and line) as a function of energy 
density in micro-flood irradiated 1 µm Cu films.  Lateral growth distance 
increases up to approximately 43µm at 2.25 J/cm2 and then abruptly 
decreases. 
The regions of single-shot micro-flood irradiated Cu films have been analyzed 
using electron back scattering diffraction (EBSD).  The results of this analysis are shown 
in Figure 2.7 and Figure 2.8.  Based on lateral growth lengths, shown in Figure 2.6, 
EBSD was performed on seven different areas corresponding to varying energy densities 





Figure 2.7 EBSD analysis showing the crystallograhic orientation of laterally 
grown grains(i.e.  elongated grains) using “micro-flood” irradiation with 
2.296 J/cm2.  The orientations illustrated are as follows: (a) orientation in 
the transverse direction (i.  e.  horizontal arrow), (b) in  the rolling (growth) 
direction, and (c) in the surface normal direction.  <100> orientation is 
strong in rolling direction as compared to the other directions.  Inverse pole 
figure represents grain orientations with colors in EBSD maps. 
just above the complete melting threshold (CMT) to the maximum energy density 
achievable in our laser system.  One example of this EBSD analysis is shown in Figure 
2.7, where (a) shows the orientation of the transverse direction, (b) shows the orientation 
of the scan direction, (here, the laterally grown direction), and (c) shows the orientation 
(a) Transverse direction 
(b) Rolling direction 
(c) Surface normal direction 
Inverse Pole Figure 
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of the normal direction.  The colors in these maps correspond to the standard IPF color 
scheme seen in the figure.  In Figure 2.8 (a) shows the twin boundaries (e.g., Σ 3, and Σ 9 
twins as depicted by red and magenta lines, respectively), while (b) shows low-angle-
grain boundaries (1° < θ < 10°) and high-angle-grain boundary (> 10°) locations with red 
and black lines. 
 
Figure 2.8 .  EBSD analysis showing various defects in laterally grown 
grains(i.e. elongated grains) using “micro-flood” irradiation with 2.296 
J/cm2.  These defects are illustrated as follows: (a) twin boundary (e.g., Σ 3 
with red, and Σ 9 maps with magenta) and (b) grain boundary (GB) location 
with low-angle GBs (shown as thin, red lines) being distinguished from high 
GBs (shown in thick, black lines). 
2.3 Discussion 
2.3.1 Beam edge area: Laterally grown grains 
As expected, the microstructural characterisics of Cu films that have undergone 
melt-mediated laser-induced crystallization are similar to those of Si films that have been 
processed in a similar manner.  Specifically, when complete-melting is induced, two 
microstructurally distinct regions are observed, as seen in Figure 2.5.  These are 
(a) Twin boundaries 
(b) Grain boundary 
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qualitatively identical to what has previously been observed in Si thin films.  The 
solidification sequence that leads to the formation of laterally grown grains and the 
subsequent  appearance of small, equiaxed grains is fundmanetally the same in both 
elemental systems.  Namely, as the temperature in the molten Cu drops, solid will begin 
to grow laterally from the unmelted, solid seeds adjacent to the liquid.  These laterally 
grown grains are seen in Figure 2.5.  As the temperature drops further, lateral growth is 
stopped by the nucleation of solids in the supercooled liquid (as seen in Figure 2.5).  
Furthermore, as was observed in Si thin films, the C-SLG distance is a function of laser 
energy density.   
It is important to note that the C-SLG length of Cu films is substantially greater 
than the C-SLG length observed in Si films.  As seen in Figure 2.6, the lateral growth 
length of 1 µm Cu films can sometimes exceed 40 µm, while the C-SLG distance in Si is 
typically less than 5 µm, given the same irradiation conditions.  This is primarily due to 
the fact that substantially greater interface velocity (more than 100m/s) is achievable in 
Cu.  As was mentioned in Setcion 2.1, the NCM processing window in Cu films is 
expected to be extremely narrow, and was not detected in this work. 
2.3.2 Grain orientation selection during lateral solidification 
Electron back scattering diffraction (EBSD) analysis was used to map the 
crystallographic orientation of C-SLG grains in Cu films generated via irradiation in the 
complete-melting regime.  Within this regime, the energy density was varied in order to 
determine what, if any, effect the lateral growth length may be correlated to 
crystallographic orientation selection and intra-grain defect formation during the growth. 
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Figure 2.9 Figure 1.9 Numbers on plot indicate performed energy densities for 
orientation analyses.  For lateral solidification analysis, the present study 
used single-irradiation results on 1 µm Cu / 2 µm SiO2.  There are three 
energy-density intervals: low-energy-density interval (1.0 J/cm2 ~ 1.5 J/cm2, 
samples #73 and #70), medium-energy-density interval (1.5 J/cm2 ~ 2.0 
J/cm2, samples #65 and #91), and high-energy-density interval (>2.0 J/cm2, 
samples #88, #48, #39, #21 and #12) were defined with respect to 
orientation texturing and defect formation. Double irradiation experiments 
will be discussed in the Appendix section. 
Three apparently identifiable energy-density intervals (all within the complete-
melting regime) were observed, as illustrated in Figure 2.9, where EBSD examined 
samples are shown at several energy densities.  The first interval corresponds to a low-
energy-density range (i.e., 1.0 J/cm2 ~ 1.5 J/cm2, samples #73 and #70), the second 
interval corresponds to a medium-energy-density range (i.e., 1.5 J/cm2 ~ 2.0 J/cm2, 
samples #65 and #91), and the third interval corresponds to a high-energy-density 






#48  #39  #21  #12  
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previously, there is a direct correlation between energy density and lateral growth length.  
Therefore, these low, middle, and high energy density intervals correspond to small, 
large, and medium lateral growth lengths, respectively.  The microstructural differences 
observed in these three intervals will now be discussed. 
2.3.2.1 Low-energy-density interval 
Figure 2.10 shows the orientation evolution of laterally grown grains in a sample 
that was irradiated in the lower energy density interval (sample #73 irradiated with 
energy density of 1.156 J/cm2).  Three distinct regions within in this sample can be 
identified in terms of the evolution of grain orientation within the films.  
 
Figure 2.10 Grain orientation of sample #73 with 1.156 J/cm2 in low-energy-
density interval.  (a) transverse direction, (b) rolling (growth) direction, (c) 
normal direction.  Based on microstructure evolution, there are three 
regions: incubation region (< 2.5µm), occlusion region (between 2.5 µm 
and 8µm), and saturation region (> 8µm). 
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The first region corresponds to “peripheral” region (i.e., < 2.5µm), within which 
<111> surface-normal-oriented grains are observed.  It is well known that as-deposited 
sputtered Cu films contain grains that show a preferential (111)-surface texturing20.  
Many of laterally grown grains (whose growth is initiated by these (111)-surface-textured 
seeds) thus exhibit a matching crystallographic surface orientation.  The growth distance 
of these (111)-surface-textured grains, however, is only a couple of microns (1~2 µm), as 
these (111)-surface-textured grains are quickly occluded during growth.  
In the second “transition” region (2.5 µm < 2nd region < 8µm), the primary 
characteristic corresponds to the appearance of grains with strong <100> crystallographic 
orientation in the direction of lateral growth.  Thus, a transition in the dominant 
crystallographic orientation of the grains can be seen.  The <111> surface-normal-
oriented grains are occluded by the grains with a strong <100> orientation (the reason for 
this will be discussed later in Section 2.3.4) whose growth is sustained for several 
microns.  Because the preferential orientation of these grains is defined with respect to 
the rolling/growth direction, the orientation distribution of the grains in the transverse and 
normal directions is limited (specifically between <100> to <110>, based on the 
geometry of the atomic structure in Cu), as can be seen in Figure 2.11 (a) and (c).  
We refer to the third regions as the “saturation” region (> 8µm), as it is 
characterized by strong <100> textured grains (in the rolling direction) and occlusion 
between the grains with similar <100> rolling direction orientation.  The occlusion that 
takes place here apparently proceeds without being dependent on the orientations in the 
transverse and normal directions.   
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Similar results were obtained with a sample irradiated under nearly identical 
conditions (sample #70, at energy density 1.39 J/cm2, Figure 2.11) within this low-
energy-density interval.  
 
Figure 2.11 Grain orientation of sample #70 with 1.39 J/cm2 in low-energy-
density interval.  (a) transverse direction, (b) rolling (growth) direction, (c) 
normal direction.  Within low energy density regime, microstructure 
evolution is consistent.  
The behavior of the grain orientation described above can be graphically 
represented (Figure 2.12).  These plots show the orientation change as a function of 
lateral growth distance for previous two samples with 1.156 J/cm2 and 1.39 J/cm2.  The 
three regions and the associated preferential crystallographic orientations are reflected.  It 
should be noted that mixed orientations appear after 25um lateral growth length.  This is 
due to the fact that the orientation distribution contains data from both laterally grown 
grains as well as nucleated grains (which exhibit essentially a random orientation 




Figure 2.12 Grain orientation distribution as a function of lateral growth 
distance of (a) sample #73 with 1.156 J/cm2 and (b) sample #70 with 1.39 
J/cm2 in low energy density regime.  It is observed: (1)In the incubation 
region, <111> surface normal orientation is highly favored, (2) in the 
occlusion region, grain orientations change in all direction, and (3) in the 
saturation region,<100> rolling direction orientation occurred by occlusion 
is retained. 
It should be noted that the results presented above correspond well to previous 
theoretical studies conducted using molecular dynamics simulations (MDS).  Specifically, 
these simulations predict that the <100> direction is the fastest growth direction in Cu, 
and thus will tend to out-pace and out-grow those grains that possess other 
crystallographic orientations  21 
Figure 2.13 (a) and (b) show the average growth rates of Si and Ar {100} and 
{111} solid-liquid interfaces as a function of temperature normalized by Tm.  22, 78 In 
these graphs, melting is indicated by negative rates.  The Si data in Figure 2.13, illustrate 
the ideal Wilson-Frenkel growth rate behavior.  For small under-coolings, the growth 
rates increased approximately linearly with ΔT, the rate of the {111} interface being less 




maximum rate, after which they approached zero, because of the reduction in atomic 
mobility at lower temperatures.  These MDS results for Si and Ar films supports the 
notiont that {100} interface lead to the fastest growing during melt-mediated 
solidification.  The results, we feel, are consistent with the observation of the dominence 
of <100>-oriented grains in the growth direction obtained from Cu C-SLG grains in our 
pulsed-laser irradiation experiments.   
 
Figure 2.13 Plot of the average rate of the crystal growth rate of {100} and {111} 
interface for (a) Si and (b) Ar using MDS.22 {100} interface growth rate is 
higher than other rates at all temperature below melting point.  The results 
are consistent with Cu C-SLG grain orientation via pulsed-laser micro-flood 
irradiation (i.e., <100> oriented grains are dominent during solidification). 
2.3.3 Formation of low-angle-grain boundaries 
Low-angle-grain boundaries are often encountered in melt-mediated solidification 
processes.  Much work has been devoted to explaining the appearance of these defects in 
Si films.23,24  For instance, in the case of zone melting recrystallization, the formation of 
low-angle-grain boundaries (referred to often as “sub boundaries”) has been attributed to 
the presence of thermal and mechanical stresses in the films that result from thermal 
gradients present during the solidification process.  Other explanations have also been 
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suggested to account for the formation of low angle grain boundaries observed in various 
melt-mediated Si crystallization methods.25,26  In this section, we first characterize and 
the speculate on  how these grain boundaries are formed during the pulsed-laser 
irradiation of Cu films.   
2.3.3.1 Low-energy-density interval behavior 
In the low energy density regime, there is no formation of low-angle-grain 
boundary during solidification of pulsed-laser irradiated Cu films.  EBSD analysis shows 
no additional low-angle-grain boundaries formed as shown in Figure 2.14, within the low 
energy density interval.  It is important to note that while low-angle grain boundaries 
(seen as red lines in the figure) exist, these correspond simply to the boundaries that exist 
between neighboring grains (that are seeded from different seeds), and therefore are not 
“formed” ore initiated during growth, which would otherwise be initiated within the 
interior of a grain.) Figure 2.15 shows proportion of low-angle-grain boundaries as a 
function of lateral growth distance for sample #73 with 1.156 J/cm2 and #70 with 1.39 
J/cm2.  As expected for such as case, the proportion of low-angle-grain boundaries 
decreases, as a consequence of occlusions of grains, as lateral growth distance increases.   
 
Figure 2.14 EBSD analysis shows grain boundaries in laterally grown grains in 
low energy density regime (i.e., sample #73 with 1.156 J/cm2).  Thin red 
lines are low-angle-grain boundaries, and thick black lines are high angle 
grain boundaries.  No low-angle-grain boundary was formed/initiated 




Figure 2.15 Plots show grain orientation and grain boundary distribution as a 
function of lateral growth distance of sample #73 with 1.156 J/cm2 and #70 
with 1.39 J/cm2 in low-energy-density interval.  The plot reflects how the 
proportion of low-angle-grain bouanries (square dots and black lines) 
decreases throughout lateral growth.  No low-angle-grain boundary 
formation appears within this lo- energy-density interval.   
2.3.3.2 Medium- and high-energy-density intervals 
In contrast to the behavior observed within the low-energy-density interval, 
numerous low-angle-grain boundaries are found to form during lateral growth within the 
interior of the grains in medium- and high-energy-density intervals (i.e., sample #65 with 
1.751J/cm2, #91 with 1.937 J/cm2, and #88 with 2.152 J/cm2), as can be seen in the 
corresponding EBSD images (Figure 2.16 and Figure 2.18).  Compared with the previous 
samples obtained within the low-energy-density interval, the distribution density of low 
angle boundaries begins to increase starting from a lateral growth distance of 
approximately 20 µm (as seen in Figure 2.17 and Figure 2.19).  The distribution density 





Figure 2.16 EBSD analysis shows grain boundaries in laterally grown grains in 
medium energy density regime (i.e., sample #65 with 1.751 J/cm2).  Thin red 
lines are low-angle-grain boundaries, and thick black lines are high angle 
grain boundaries.  Near 25µm lateral growth distance, low-angle-grain 




Figure 2.17 Plots show grain orientation and grain boundary distribution as a 
function of lateral growth distance of sample #65 with 1.751 J/cm2 and #91 
with 1.937 J/cm2 in medium-energy-density interval.  The distribution 





density of low-angle-grain boundaries increases.  The formation of twin 
boundaries within laterally grown grains in Figure 2.17 (a) and (b) will be discussed in 
the next section. 
 
Figure 2.18 EBSD analysis shows grain boundaries in laterally grown grains in 
high energy density interval (i.e., sample #88 with 2.152 J/cm2).  Thin red 
lines are low-angle-grain boundaries, and thick black lines are high angle 
grain boundaries.  Near 25µm lateral growth distance, numerious low-
angle-grain boundaries were formed during solidification in high-energy-
density-interval. 
 
Figure 2.19 Plot shows grain orientation and grain boundary distribution as a 
function of lateral growth distance of sample #88 with 2.152J/cm2 in the 
high-energy-density interval.  The low-angle grain boundaries are observed 
to form around  the same location as in the medium-energy-dnesity interval. 
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2.3.4 Formation of twin boundaries 
 Twin boundary formation during solidification has been observed in polycrystalline 
Si and Cu films.  For Cu films, the growth of the crystalline phase began to break down 
and the formation of twin lamellae was observed as the growth velocity approached the 
threshold for a particular orientation.  For instance, the twin lamellae were presented in 
nano-structures of Cu. 
 
Figure 2.20 EBSD analysis shows crystallographic microstructures of micro-
flood irradiated Cu films in medium-energy-density interval.  (a) is inverse 
pole figure in transverse direction, (b) is the figure in rolling (growth) 
direction and (c) is the figure of normal direction.  (d) is band contrast map 
showing Kikuchi pattern contrast.  (e) is twin boundary map showing Σ 3 
with Red, and Σ 9 maps with magenta.  (f) shows low (red) and high (thick 
black) angle boundaries.  The films were prepared by sputtered 1 µm Cu.  
The films were prepared by sputtered 1 µm Cu.  Typcially, the formation of 
twin boundaries were observed at a lateral growth distance of 35µm in (e). 





by the energy density intervals.  Twin boundaries were observed on two distinct regions 
within the laterally solidified Cu films (Figure 2.20).  One region, containing twin 
boundary of mostly ∑9 type, was observed in the beginning region of lateral growth.  As 
such, we viewed these twin boundaries as simply having initiated from the seeds.  The 
systematic formation of twin boundaries, mostly of ∑3-type, was observed take place in a 
dramatic manner at a later stage of lateral growth (after approximately 35µm of growth) 
as can be seen in Figure 2.16, Figure 2.17 and Figure 2.20. 
2.3.4.1  Low- and high-energy-density intervals 
 
Figure 2.21 EBSD analyses show twin boundary location of micro-flood 
irradiated Cu films in low- and high-energy-density interval.  (a) ED is 
1.156 J/cm2, and (b) ED is 2.152 J/cm2. Σ 3 twin bounaries are in Red, and 
Σ 9 in magenta.  Essentially, no twin boundary formation was observed 
during solidification. 
In low- and high-enregy-density intervals, limited number of twin boundaries 
were observed more randomly (and also from the seeds), as revealed in Figure 2.21.  





can conclude from these EBSD-generated maps that, no twin boundary formation was 
observed during lateral growth.   
2.3.4.2  Medium-energy-density interval 
 In contrast to the above cases, one can clearly observe that twin boundaries (mostly 
∑3 CSL boundaries) are formed and subsequently propagated during solidification at a 
lateral growth distance of 35 µm in the medium-energy-density interval (shown in Figure 
2.20 and Figure 2.22).  The point at which these twin boundaries appear can be clearly 
correlated with lateral growth distance.  That is, the formation of twin boundries was 
observed to take place in the later stage of lateral growth (when the lateral growth 
distance is approximately longer than 35 µm). 
 
 
Figure 2.22 Red lines show twin boundaries forming on most laterally grown 
grains via micro-flood irradiated Cu films in medium-energy-density 
interval.  The ED is 1.751 J/cm2..  (a) shows grain rollng (growth) direction 
orientation.  (b) shows twin boundaries (Σ 3: Red lines, and Σ 9 magenta 
lines).  Twin formation changes <100>-oriented grains to <111>-oriented 





 To identify how the twin boundaries are formed during lateral growth in these thin 
Cu films, we need to consider possible two mechanisms of twin formation.27,28,29,30 On 
the one hand, it is known that mechanical and thermal stresses could induce twin 
boundaries after solidification at high temperatures.  However, the stress-related twin 
formation mechanism should not lead to the dependence of the twin formation location as 
discussed.  Alternatively, there is the possibility that a growth error taking place at the 
growing interface could led to the formation of twin boundaries at the interface between 
liquid and solid.31 Extremely high rate of interfacial motion, during solidification, could 
lead to such a growth error.  This can involve two-dimensional nucleation at the interface 
(i.e., the reentrant corner at the intersection of a twin plane) when specific conditions are 
satisfied at the interface.  Consequently, two grains which were divided by two-
dimensional nucleation have a very specific grain boundary, or twin boundary.  
 In particular, twin formation may occur primarily at the facet planes on the Cu film 
in the meniscus region, which acts as the layer source region for normal Cu growth and 
which gives rise to the rib-lines on the exterior of the Cu crystals.  Because of the 
supercooling needed to drive two-dimensional nucleation,  especially in the presence of 
rotational striations and temperature fluctuations, there is always a possibility that a two-
dimensional pillbox could form in a faulted arrangement, leading to a twin formation  by 




3. Sequential Lateral Solidification (SLS) of 
thin Cu films 
  
In this chapter, we present experimental results which clearly demonstrate that the 
microstructure of Cu films on SiO2 can be manipulated quite effectively by 
implementing SLS.  By limiting the SLS step distance to be less than the values at which 
intra-grain defects are observed to appear (Chapter 2), we show that essentially all 
previously demonstrated SLS schemes can be utilized to provide a variety of large-
grained and grain-boundary-location-controlled microstructures.  We also show that a 
previously unattained microstructure that consists of SLS-processed grains that are 
surface and in-plane orientation textured can be generated; these films, in the limit of 
further optimization, can be viewed as essentially defective large single-crystal films.  
This is accomplished using an SLS scheme (referred to as “2shot + 2shot” SLS) that 
takes advantage of the strong <100>-texture selection in the rolling direction during 
lateral solidification.  Such a microstructure may be of value for both interconnect as well 
as graphene-epitaxy applications. 
3.1 Introduction 
The sequential lateral solidification (SLS) method was conceived and developed 
during the 1990’s, with the primary aim of overcoming the limitations associated with the 
conventional excimer-laser annealing (ELA) and controlled super-lateral growth (C-SLG) 
crystallization techniques.32  SLS is an iterative process that has two fundamental 
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procedural requirements.  The first is to induce local and complete melting in a spatially 
well-defined area within the film.  By doing so, C-SLG from the unmelted portion of the 
film can proceed, leading to long, relatively defect free, laterally grown grains.  The 
second requirement involves a precise micro-translation of the beam respect to the 
sample followed by re-irradiation.  The purpose of this “step-and-irradiate” cycle is to 
induce lateral solidification from the previously laterally solidified grains, and the process 
can be repeated as required.  The SLS method is technically flexible, and can be 
implemented using a variety of beam pattern and micro-translation schemes.  
Furthermore, with Cu films, the SLS process offers the potential to control the 
crystallographic orientation of the films.  In particular, it is conceivable to consider 
introducing SLS at a suitable processing point during interconnect fabrication procedure 
to decrease the resistance of interconnects and increase the reliability of metallization. 
In general, it is considered to be the case that the microstructure and texture of Cu 
films can affect their interconnect-application-relevant properties.  As the metallization-
related challenges and demands continue to rise with increasing levels of integration, it is 
becoming commensurately imperative to improve such properties of the materials (e.g., 
conductivity, resistance to electromigration, etc.) by optimally engineering the 
microstructure and texture of the films.  Previously, it has been shown that pulsed-laser-
based lateral-solidification schemes that were originally developed for manipulating the 
microstructure of Si films can be readily applied to Al and Cu films. 
The materials used in this study, as well as in previous studies, are currently 
available and applicable to interconnects.  Specifically, Cu was used on oxidized Si 
wafers, both with and without a barrier layer.  We will demonstrate that by using the SLS 
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method one can create a Cu film with a set of desired characteristics, especially enhanced 
grain size, controlled grain boundary location, optimized microstructure, reduced defect 
density, and controlled crystallographic orientation distribution.  Our objective is to show 
that such materials are potentially useful for advanced metallization. 
In the semiconductor industry, interconnects require micrometer-order 
metallization lines.  However, it is reported that the resistivity of Cu must decrease with 
decreasing dimensions to maintain the performance of the shrunken devices.  Previously 
we have shown that pulsed-laser crystallization schemes (such as C-SLG), which were 
originally developed for manipulating the microstructure of Si films, can be readily 
applied to deal with Cu films.  In this work, we focus on applying the flexible and 
effective method referred to as sequential lateral solidification (SLS), and show that in 
order to properly implement the method, we need to factor in the finding regarding the 
formation of intra-grain defects during lateral solidification (as was presented in the 
previous chapter). 
3.1.1 Cu Based Metallization 
 Simply put, the interconnect resistance can be decreased by the use of a lower 
resistivity metal in a three dimensional network involving reduced dimension wires.  This 
is one of the primary reasons behind the switch from Al to Cu interconnects, which the 
semiconductor industry made in the early 21st century.  The three dimensional network of 
the interconnects is called multilevel interconnection (MLI); here, the metal interconnects 
are not confined to one plane, but span several planes, isolated by insulating dielectric 
layers, and vertically connected through vias that punches through the dielectric planes.  
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As schematically illustrated in Figure 3.1, several levels of metals can be employed.   
 
Figure 3.1 A schematic cross sectional view of a multilevel metallization 
scheme.7 Interconnects for VLSI were fabricated in the multilevel layer.  Cu 
is widely used as an interconnect material. 
Limitations and manufacturing considerations in the semiconductor industry 
regarding the fabrication of such structures include yield, performance, and reliability.  
These important manufacturing performance characteristics are related to deposition, 
pattern alignment, planarization, metal and dielectric characteristics, and design.  Good 
circuit designs, that are tolerant to misalignments, provide some assistance, although 
there will not be much tolerance available in the future as the device feature dimensions 
continue to decrease.  The misalignments can be minimized by eliminating problems 
















Figure INTC2 Cross-section of Hierarchical Scaling9MPU Device 
ASIC CROSS SECTION 
ASICs share many of the technology attributes of MPUs, for example, Cu wiring and low- dielectrics. ASIC design 
methodology is generally more regular, consisting of Metal 1, intermediate, semi-global (2× intermediate) and global (4× 
intermediate) wire pitches. An ASIC only, semi-global wiring pitch has been added to the MPU technology requirements 
table in 2005. A typical ASIC cross-section is shown in Figure INTC3 below.  
Historically, DRAM interconnect technology reflected the most aggressive metal pitch and highest aspect ratio contacts; 
however, the MPU Metal 1 pitch is projected to equal that of DRAM in 2010. The introduction of low- dielectric 
materials (fluorinated silica glass (FSG)) is underway and the change from aluminum to copper at the 65 nm half pitch is 
occurring.  
Damascene processing flows dominate MPU/ASIC fabrication methodologies and usage in DRAM is expected to 
broaden. Figure INTC4 illustrates several typical interlevel dielectric (ILD) architectures used in the creation of 
interconnect wiring levels. While current copper damascene processes utilize physically vapor deposited (PVD) Ta-based 
barriers and Cu nucleation layers, continued scaling of feature size requires development of other materials and nucleation 
layer deposition solutions. Continuous improvement of tools and chemistries will extend electrochemically deposited 
(ECD) Cu to the end of the forecasted roadmap (2022) but small, high A/R features necessitate the simultaneous 
development and subsequent selection of alternative filling techniques. A thin barrier is also needed to maintain the 
effective conductor resistivity in these features. Nucleation layer conformality requirements become more stringent to 
enable Cu ECD filling of damascene features. Surface segregated, chemical vapor deposition (CVD), ALD, and dielectric 
barriers represent intermediate potential solutions; zero thickness barriers are desirable but not required.  
Near-term dielectric needs include lower permittivity materials for wire insulators and etch stops, higher permittivity 
materials for decoupling and metal-insulator-metal (MIM) capacitors and materials with high remnant polarization for 
ferroelectric memories. The thermal, mechanical, and electrical properties of these new materials present a formidable 
challenge for process integration. In the longer term, dielectric characteristics at high frequency will become more 
important, and optical materials will be required which have sufficient optical contrast to serve as low-loss waveguides. 
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associated with step coverage and via filling, such as ensuring that each level is flat and 
parallel to the original substrate surface.  As will be discussed, the resistance of such 
small wires is exceedingly high.  Additionally, since high current densities are 
encountered in these wires, the phenomenon of electromigration can become a serious 
problem. 
3.1.1.1 The effect of decreasing dimensions on the resistivity of 
interconnects 
The resistivity of the interconnects metal has been assumed to be constant and 
independent of the decreasing feature size.  For a continuous thin film, the resistivity is a 
function of several parameters: thickness, crystallinity, defect structure, temperature, 
purity, and applied field.  Of these, the effect of film thickness (and the interconnect 
width in the case if patterned lines), has not been previously typically considered since 
the thickness and width dimensions have been large compared with the mean free path of 
electrons, and, as a result, the resistivity has been shown to be independent of them.  
Figure 3.2 shows a schematic view of the Cu resistivity change as a function of 
interconnect line width.  Note how the resistivity starts to increases with a decrease in the 
line width at the point where line width is nearly equal to the mean free path of electrons.  
The calculated mean free path of electrons in single crystal copper is approximately 39 
nm.  Thus, when the interconnect line width approaches 40 ~ 60 nm, the resistivity will 




Figure 3.2 Graph shows Cu resistivity as a function of line width for 
interconnects.  The resistivity increase as the line width reduces due to side 
wall and grain boundary effects.7  
To reduce the resistivity of interconnect, the microstructure of these wires should 
be optimized, specifically regarding grain boundaries and defects.  The presence of grain 
boundaries, impurities and defects, and stress in the wire, all increase the resistivity.  
Extended defects, such as grain boundaries and dislocations, offer surfaces and lines lead 
to a significant increase in resistivity.  Impurities and point defects also enhance electron 
scattering.  Stress induces a phonon-electron scattering condition in the lattice that also 
increases the resistivity.  Electron scattering from the sidewall increases resistivity as the 
line width decreases. 
3.1.1.2 Electromigration and the microstructure of interconnects 
The phenomenon of electromigration occurs when a conductor is subjected to 
high current densities and when atomic diffusion is substantial.  The enhanced and 
directional mobility of atoms is caused by (a) the direct influence of the electric field on 
4    Interconnect 
Electron scattering models have been improved and can now predict the Cu resistivity rise as a function of line width and 
aspect ratio. There is a significant contribution to the increase in resistivity from both grain boundary and interface 


































Figure INTC1 Cu Resistivity 
Accordingly, Cu resistivity numbers for minimum Metal 1, intermediate and global wires are now listed for all the years 
of the roadmap. The effect of this resistivity increase on the RC performance metrics is also calculated and included in the 
technology requirements table. Three-dimension l control of critical dimension (3DCD) interconnect features has been 
listed as one of the critical challenges in several editions of the ITRS. The total variability of M1 wire resistance due to 
CD variation and scattering has been calculated and is also included in the MPU technology requirements table. Since the 
length of Metal 1 and intermediate wires usually shrinks with traditional scaling, the impact of their delay on performance 
is minor. Global interconnects, which have the greatest wire lengths, will be impacted most by the degraded delay. The 
benefit of materials changes or some amelioration of the Cu resistivity rise will be insufficient to meet overall 
performance require ents. The trend towa d mult -core MPU design has alleviat d some of the d lay issues associated 
with ever increasing lengths of global interconnects 
In the long term, new design or technology solutions (such as 3D IC, optical or carbon nanotubes) will be needed to 
overcome the delay, power, and bandwidth limitations of traditional interconnects. Refer to section on NNew Interconnect 
Concepts and Radical Solutions.O Inductive effects will lso become incre singly important as the operating fr quency 
increases, and additional metal patterns or ground planes may be required for inductive shielding. As supply voltages are 
scaled or reduced, crosstalk becomes an issue for all clock and signal wiring levels. A crosstalk metric was introduced in 
the 2005 ITRS for Metal 1, intermediate and minimum global wires. The metric calculates the line length where 25% of 
the switching voltage is induced on a minimum pitch victim wire. This critical line length for a minimum global wire in 
2022 is less than 30% of the line length in 2007. Therefore joint efforts with the design community are needed to address 
crosstalk issues. In recognition of the increasing importance of dynamic power, a Power Metric and wire capacitance 
values were introduced in 2006 and have b en updated for 2007. The 2007 Roadmap ontinues to reflect the ongoing 
reduction of dielectric constant for future technology generations as new porous low- dielectric materials and eventually 
air gap technology are introduced.  
MPU CROSS SECTION 
MPUs utilize a high number of metal layers with a hierarchical wiring approach of steadily increasing pitch and thickness 
at each conductor level to alleviate the impact of interconnect delay on performance. Refer to Figure INTC2. 
To accommodate the need for ground planes or on-chip decoupling capacitors, the growth of metal levels is projected to 
increase beyond those specified solely to meet performance requirements.  
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the ionized atoms, and (b) the collision of electrons with atoms leading to a momentum 
transfer and atom movement (the so-called “electron wind”).  Aluminum performs poorly 
compared with Ag, Au, Cu and W, as far as electromigration-related failures are 
concerned, due to its relatively high diffusion coeffecient.  Copper has been selected to 
replace aluminum as the interconnect metal because of its relatively low diffusion 
coeffecient.  This leads to the promise of having significantly better electromigration 
resistance in circuits that will operate at higher current densities and possibly at higher 
temperatures.  Several investigations have measured the mean time to failure in Cu 
interconnects and compared them with those in Al or its alloys.  Copper has been shown 
to provide a high resistance to electromigration. 
The phenomenon of stress migration (which is closely related to that of 
electromigration) occurs when a discontinuity is generated in a metal interconnect line 
due to atomic migration induced by stress in the interconnect line.  Metal films, with a 
larger coefficient of thermal expansion than the silicon substrate or the overlying SiO2 
dielectric films, are in tension.  To relieve the tensile stress, a vacancy migration toward 
grain boundaries occurs within a line, resulting initially in void formation, and eventually 
in discontinuity of the line.  A review of the stress voiding in Al lines shows that the issue 
of reliability is a real concern of substantial magnitude.33,34 
3.1.2 Controlled microstructure of Cu for graphene growth 
Copper films with a controlled microstructure can be used in the study of 
graphene growth mechanisms.  Currently, graphene has become a material of great 
interest because of its distinctive band structure and other unusual and outstanding 
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physical properties.  One of the primary investigation directions with regards to graphene 
is that of large area synthesis.  The aim of this approach is to improve the quality and 
uniformity of the films, while overcoming some of the synthesis-related challenges and 
limitations (for instance, avoiding the Scotch tape method of peeling graphene planes off 
the graphite.35) Recently, researchers have succeded in a synthesis method whereby large 
and single-layer graphene films were successfully fabricated on thin metallic films and 
foils.36,37 Nevertheless, the underlying growth mechanism of graphene is still poorly 
understood.   
It has been theorized that the Cu grain boundaries play an important role in the 
synthesis of graphene layers.  As such, by utilizing Cu films with location-controlled 
grain boundaries, one can potentially elucidate some of the fundamental mechanisms 
associated growing graphene.  In this thesis, we suggest that the large SLS processed area 
consisting of Cu grains with location-controlled grain boundaries may offer such an 
investigation opportunity. 
3.1.3 Sequential Lateral Solidification of thin Si films 
Sequential lateral solidification (SLS) is a pulsed-laser-based crystallization 
method that was introduced in 1996.19,38 It is a highly flexible technique that can be 
implemented using a variety of technical schemes, and can produce a variety of large-
grain polycrystalline microstructures as seen in Figure 3.3.  The SLS process involves 
iteratively inducing C-SLG.  Technically, the SLS process requires the iteration of two 
fundamental steps: (1) pulsed-laser irradiation to induce localized complete melting of 
the film, followed by lateral solidification from unmelted seeds situated at the periphery 
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of the melt, and (2) precise translation followed by re-irradiation to allow epitaxial lateral 
growth to proceed from previously grown grains.   
 
Figure 3.3 Various SLS-processed Si films: (a) 2shot SLS, (b) 2shot + 2shot SLS, 
(c) directional-SLS, (d) dot-SLS, (e) chevron-SLS and (f) single-dot SLS. 
A schematic diagram, shown in Figure 3.4, illustrates the microstructural 
evolution of the grains during SLS processing.  This particular scheme was achieved by 
using a narrow slit to shape the incident laser beam. 
The SLS process was original investigated using Si thin films.  More recently, 
much effort has been made to determine the efficacy of the approach on metallic 
films.19,63 Previous efforts have shown that SLS is an effective and efficient method to 












boundaries) of Al thin films.  It is the goal of the present to work to apply the SLS 
process to Cu films. 
 
Figure 3.4 .  A schematic diagram shows the fundamental two-step process of 
sequential lateral solidification (SLS): (1) pulsed-laser irradiation to induce 
localized complete melting of the film, followed by lateral solidification from 
unmelted seeds situated at the periphery of the melt, and (2) precise 
translation followed by re-irradiation to allow epitaxial lateral growth to 
proceed from previously grown grains. 
3.2 Experimental results: Single shot iradiation of Cu films 
using a thin line beam 
Following the study of the controlled super-lateral growth of Cu films described 
in Chapter 2, we can conclude that it should be possible to employ SLS to endow one 
with a capability to control the texture and grain-boundary locations of Cu films.  To 
control the microstructure of thin Cu films, lateral growth behavior on the width of the 
patterned beam has been investigated.  Figure 3.5 shows the design of the various widths 
of slit patterns.  For the patterned beam, the chrome layer on the photomask was defined 









To ensure that there is not any reaction taking place between the Cu film and the 
substrate, a focussed ion beam was used to remove C-SLG material to inspect the 
interface.  In Figure 3.6, a cross-section image shows that the Cu films and oxidized Si 
layer were inactive while melting and solidification occurred. 
 
Figure 3.5 A Mask design for split-patterned irradiations.  The Cr layer on the 
mask was deposited and design with etched-width (W) were estimated to be 
~10 µm, 20 µm, 30 µm and 40 µm on substrates. 
 
Figure 3.6 Cross section SEM image by focused ion beam analysis for a slit 
irradiation experiment of 1 µm Cu films on 2 µm oxidized silicon wafers.  
Between Cu and SiO2 layers, no sign of reaction was obserbed.   
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To investigate the effect of beam width on the resulting microstructure, AFM and 
EBSD analyses were performed on the solidified films.  The films were irradiated above 
the complete melting threshold so as to induce C-SLG.  The AFM images of regions 
patterned with 10 µm, 20 µm, 30 µm, and 40 µm slits are shown in Figure 3.7.  In the 
crystallized regions for all samples, lateral growth distances are limited by the molten 
zone width, as expected. 
 
Figure 3.7 AFM analyses show the surface morphology of single-irradiated on 
Cu films using (a) 10 µm, (b) 20 µm, (c) 30 µm and (d) 40 µm slits.  Given 
controlled energy density and C-SLG length, no nucleation-triggered 




3.2.1.1 Grain orientation within irradiated areas 
In Section 2.3.2, the grain orientation was shown to be a function of the lateral 
growth distance.  In this chapter, we present certain aspects of the crystallographic 
orientation distribution that were observed in the irradiated regions obtained using a slit 
pattern.  Again, EBSD was used to analyze the crystollographic orientation of the 
irradiated areas.   
The results (Figure 3.9) indicate that the wider the slit-pattern, the more <100> 
grain orientation exists.  The relative distribution density of grains with <100> orientation 
is much larger in the case of the 40um slit size compared to that of the 10um slit for all 
three directions (rolling, normal, and transverse).  There are four reasons for this 
observation; 1) the initial grain orientation in Cu 1 µm films is <111>-orientation 
dominant in the normal direction and random in the other directions, 2) these grains tend 
to get occluded as the growth proceeds, 3) the <100>-oriented grains in the rolling 
direction have the fastest growth velocity and thus survive the occlusion stage, and 4) the 
<100>-oriented grains in the transverse and normal directions tend to out-compete grains 
with other orientations.  A single protrusion exists in the center of the irradiated area, as 
shown in the EBSD image.  There were no twin boundaries or low-angle-grain 
boundaries that were formed during solidification for the films irradiated with these slit-
patterns.  Consequently, Figure 3.10 shows controlled defect formation, such as twin 




Figure 3.8 Distribution density show the orientation of crystallized Cu 1 µm 
films according to slit-pattern sizes 10 µm, 20 µm, 30 µm and 40 µm.  Red 
represents  <100>, green represents <110>, and blue represents <111> 
orientation. 
 
Figure 3.9 .  EBSD analyses show grain orientations on 1 µm Cu via single 
irradiation using (a) 10µm, (b) 20 µm, (c) 30 µm and (d) 40 µm.  The most 
strongly textured orientations were formed using the 40 µm slit pattern 
 
Figure 3.10 EBSD analyses show grain boundaries and defects on 1 µm Cu via 
single irradiation using (a) 10 µm, (b) 20 µm, (c) 30 µm and (d) 40 µm.  
Band contrast (BC) maps show Kikuchi pattern contrasts during 
measurement.  No low-angle-grain boundaries or twin boundaries formed 
during solidification was observed. 
(a) (b) (c) (d) 
(a) (b) (c) (d) 
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Figure 3.11, a group of inverse pole figures, shows in detail the distribution and 
density of grain orientation in the irradiated regions.  X0 represents the transverse 
direction, Y0 represents the rolling direction, and Z0 represents the normal direction.  
Black dots on the black and white images (on left) illustrate each grain orientation.  The 
colors on the right images illustrate the density of grain orientations.  Red represents high 
and blue represents low, following the visual spectrum order.  It is clear that the <100> 
and <111> orientation of laterally grown grains via a 10 µm slit-pattern are dominant in 
the normal direction.  As the slit is widened, the distribution density of <111> oriented 
grains decreases, while the rate of <100> grains increases.  There is a relation between 
the distribution density in the rolling-direction orientation and the slit width.  The 
orientation distribution in the films irradiated with the 10um slit contains virtually all 
directions.  The orientation of the grains irradiated with a 40 µm slit was textured tightly 
around the <100> pole.  The transverse-direction orientation exhibits behavior similar to 
the rolling-direction orientation. 
Additionally, these experiments also provide one with an understanding of the 
mass flow in thin Cu films as well.  To reduce the height of the protrusion at the center of 
two laterally grown grains, a minimum energy density, above the completed melting 




Figure 3.11 Inverse pole figures show the crystallographic orientation 
concentration of laterally grown grains on 1 µm Cu via single irradiation 
using 10 µm, 20 µm, 30 µm and 40 µm slits.  The strong <100> grain 
orientation was observed in 40 µm slit experiment compared to others. 
3.3 Microstructural manipulation of Cu films via SLS 
As mentioned, the present study focuses on an effective and efficient way of 
controlling grain-boundary location, crytallographic orientation, and intra/intergrain 
defects in Cu films.  In this section, we discuss how SLS is implemented to achieve these 
goals. 
3.3.1 Directional SLS of Cu films 
A particular version of SLS, known as “directional” SLS was previously 
investigated in order to create long, continuous, directionally solidified grains in 
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processed Si films.  The process has been described in detail elsewhere19, but a brief 
description will be presented here.  The crystallization procedure consists of repeatedly 
irradiating the sample at an energy density sufficent to induce completely melting of the 
nonmasked areas of the film.  Lateral growth from the masked region proceeds into the 
molten region as the film cools.  Then, the sample is translated with respect to the mask 
over a distance less than the single-pulse lateral growth length, and is irradiated again.  
Lateral growth again commences from the edge of the completely molten region, which 
is now located within the laterally grown grains produced during the previous irradiation.  
In this manner, lateral growth of the grains can be continued over each iterative step, 
resulting in grains much longer than the single pulse induced lateral growth distance.  
This  process is schematically illustrated in Figure 3.12.  The occlusion between grains 
occurs during the iterative processing of thin films.  
 
Figure 3.12 The schematic diagram shows directional SLS process.  The 
sequential irradiations result in elongated grains in growth direction of thin 
films. 
For the directional SLS process, a 20 µm slit was used.  The grain orientation and 
defect formation associated with a single pulse irradiation using this slit was presented in 




Figure 3.13 EBSD maps show (a) band contrast, (b) grain boundaries, (c) twin 
boundaries, (d) orientation in transverse direction, (e) rolling direction and 
(f) normal direction of 1 µm Cu C-SLG induced single-pulse irradiation.  
The results of 20 µm slit is consistent with previous results in Chapter 3.2. 
Figure 3.13 (a) is the band contrast of Kikuchi patterns from EBSD analysis.  
Since the as-deposited sputter Cu grains are small, the band contrast of Kikuchi patterns 
from these grains are weak, which is illustrated by the black color.  On the other hand, 
crystallization of the grains produces strong band contrast because of the large grain size.  
Thus, the band contrast of crystallized grains is strong enough to provide crystallographic 









grain boundaries indicate high angle grain boundaries and the thin black lines indicate 
low-angle-grain boundaries in Figure 3.13 (b).  The grain boundary map shows occlusion 
at and near the initial point of solidification.  Twin boundaries exist primarily in the 
region of grain occlusion, which is shown in Figure 3.13 (c).  The <100> orientation in 
the transverse, rolling and normal directions are dominant in Figure 3.13 (d), (e) and (f).  
However, the strength of <100> grain orientation is different in each direction, which is 
shown in Figure 3.14.   
The initial orientation densities of crystallized 1 µm Cu films processed using 20 
µm slit-pattern are shown in Figure 3.14 and Table 3.1.  In the transverse direction, the 
<100> oriented grains constitute, on average, 61.12%  of the irradiated region.  In the 
rolling direction, the <100> oriented grains constitute, on average, 75.83%.  In the 
normal direction, the <100> oriented grains constitute, on average, 68.01%.  Growth 
direction shows approximately 10% higher (100) texture than in the other two directions 
because the <100> oriented grains  have the fastest growth velocity during solidification.  
When comparing rolling and normal directions, there is a difference of 7.7% in the 
distribution of <111> oriented grains, since as-deposited sputter Cu films have dominant 




Figure 3.14 The three diagrams show portion of grain orientations in transverse, 
rolling (growth) and normal directions.  The below three charts show 
percentage of orientations for each directions.  The three samples were 
prepared via 20 µm slit-patterned irradiation on 1 µm Cu films. 
 
Table 3.1. Table shows statistics for <100>, <110>, <111> and other 
orientations for X-axis (transverse), Y-Axis (rolling or growth), Z-axis 
(normal) directions. 
In order to determine the optimal directional-SLS-processing condition for Cu 
films, three different step sizes were examined, 2 µm, 5 µm, and 8 µm.  It was noted that 
when the step distance was greater than 10um, significant protrustions resulted and, as a 
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result, the SLS process could not be properly executed.  The slit size (20 µm) was held 
constant throughout the investigation.  
The microstructures of 2 µm, 5 µm and 8 µm step-distances are shown in Figure 
3.15.  Figure 3.15 (a), 2 µm directional-SLS, shows comparably narrow grains in the 
transverse direction.  It is difficult to analyze the location of the grain boundaries due to 
the poor contrast in the SEM images.  The periodic horizontal lines seen in Figure 3.15 
are formed by the protrusions created during each irradiation, and are discussed in 
Appendix.  
 
Figure 3.15 SEM images show directional-SLS processed 1 µm Cu films with (a) 
2 µm, (b) 5 µm and (c) 8 µm step-distances. 
Figure 3.16 (2 µm step), Figure 3.17 (5 µm step), and Figure 3.18 (8 µm) show 
the EBSD analysis of directionally processed Cu films.  The SLS process was carried out 
for 300 µm and the orientation evolves commensurately throughout the distance of the 
directionally solidified region.  Additionally, this orientation evolution can be views as 
being dependent on the step size used.  
The 2 µm-step directional-SLS led to changes in the orientation of the grains, 
from the initial <100> orientation in the rolling direction to a <211> orientation.  This is 
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shown in normalized orientation distributions, EBSD analysis, and the density 
distributions of orientations, which are shown in Figure 3.16, Figure 3.19 and Figure 
3.22.  The orientations, in the transverse direction, were essentially fixed during 
directional-SLS processing.  As a result, the orientations in the rolling and normal 
directions changed to <211>, while the orientation in the transverse direction changed 
very slowly.  This is shown in Figure 3.16 (a), (b) and (c) as a function of process 
distance and Figure 3.19 (a), (b) and (c) with EBSD colored map. 
The occlusion during directional-SLS process is shown in Figure 3.16 and Figure 
3.19.  In Figure 3.19 (b), the <100> oriented, red colored grains, occlude grains with 
other orientation, which were initially <100>.  Low-angle boundaries are formed during 
the change in orientation through polygonization of dislocations.  This leads to grain 
orientations in the rolling direction, and eventually to the formation of sub-grain 
boundaries that divide a single grain into two or more sub-grains, each initially having 
slightly different grain orientations.  As has been previously discussed, the interface 
velocity is dependent on grain orientation, and orientation with the highest velocity in Cu 
is <100>.  Consequently, these grains tend to be self-selected and survive at the expense 
of other, slower-growing grains (and continue to dominate the distribution).  The error 
bars in Figure 3.16 (b) statistically represent a standard deviation.  The amount of 
deviation initially increased when the grain orientation changed and later decreased 
because of occlusion, between strong and weak <100> grains.  The details of 2 µm step 
directional-SLS solidification are shown in Figure 3.22, which reveals the density of 
grain orientation via inverse pole figures.  In Figure 3.22, the <100> grains in the normal 
direction were evolved into ones with a <110> orientation.  In the rolling direction, the 
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<100> grains were evolved into ones with a <211> orientation, while the grains in the 
transverse direction were tightly oriented around the <100> axis. 
 
Figure 3.16 Three plots show normalized grain-orientation distributions for X-
axis (transverse), Y-axis (rolling or growth) and Z-axis (normal direction) 
via directional-SLS processed 1 µm Cu film with 2 µm step-distance.  In 
rolling (growth) direction, the distribution density of <100> oriented grains 
increase and decrease after 50 µm distance. 
 
Table 3.2.Table shows statistics for orientations for X-axis (transverse), Y-Axis 
(rolling or growth), Z-axis (normal) directions using 2 µm step directional-
SLS process on 1 µm Cu films.  The distribution density of <100> rolling 
direction orientation chagnes from 94.3% to 47.46%. 
The 5 µm -step directional-SLS process on 1 µm Cu films was used as a transition 
between the 2 µm-step and the 8 µm-step, and these results are shown in Figure 3.17, 





Figure 3.17 Three plots show normalized grain-orientation distributions for X-
axis (transverse), Y-axis (rolling) and Z-axis (normal direction) via 
directional-SLS processed 1 µm Cu film with 5 µm step-distance.  In 
transverse and surface-normal directions,the distribution density of <100> 
oriented grains increases and decreases again. 
 
Table 3.3.Table shows statistics for orientations for X-axis (transverse), Y-Axis 
(rolling), Z-axis (normal) directions using 5 µm step directional-SLS 
process on 1 µm Cu films of Figure 3.17. 
 
The 8-µm-step-based directional-SLS led also to a consistent orientation 
distribution, in the form of a strong <100> orientation in the rolling direction and a less 
strong <100> orientation in the transverse and normal directions.  The normalized 
orientation distributions of 8-µm-step-based directional-SLS-processed 1 µm Cu films 
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are shown in Figure 3.18.  The crystallized grains kept the <100> orientation throughout 
the length of the directional-SLS processed region. 
The first irradiation led to highly <100> oriented grains and the following 
directional-SLS irradiations resulted in elongated grains that retained their initial <100> 
orientation.  This is because of the occlusion mechanism discussed in Section 2.3 and 
3.2.1.1.  After the initial occlusion, 98.32% of the grains in the irradiated area were 
aligned to <100> in the rolling direction, which is shown in Figure 3.18 (b) and Table 
3.4.  The results show that 76.21% and 78.58% of the grains were aligned to <100> in the 
transverse and normal directions, respectively.  The <100> orientation density of these 
grains slightly increased as the distance increased; however, it could not be concluded 
that there was a relationship between the orientation density and the processing SLS step 
distance 
The 8 µm-step directional-SLS processed region had a strong (100) textured area, 
within which sub-grain boundaries continuously appeared and began to propagate in a 
well-defined direction.  The sub-grain boundaries disappeared as a result of occlusion.  
The region is characterized by sub-grain boundaries, aligned to the rolling direction and a 
constant linear density of sub-grain boundaries.  This led to the strong (100) which is 
shown in Figure 3.21 (a), (b) and (c). 
Another occlusion process can be seen taking place in the latter parts of the SLS-
processed region.  Previously, occlusion occurred based on the difference between the 
growth velocities of neighboring grains (see Chapter 2), and can be seen in the 
“peripheral” area of the scanning process.  However, as the grains continue to grow, 
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evidence of a different type of occlusion can be seen (Figure 3.21 (a) and (b)).  The 
fundamental mechanism of this late-stage occlusion is still not identified. 
 
Figure 3.18 Three plots show normalized grain-orientation distributions for X-
axis (transverse), Y-axis (rolling) and Z-axis (normal direction) via 
directional-SLS processed 1 µm Cu film with 8 µm step-distance.  The 
<100> rolling direction orientation is highly textured compared to other 
results. 
 
Table 3.4.Table shows statistics for orientations for X-axis (transverse), Y-Axis 
(rolling), Z-axis (normal) directions using 8um-step directional-SLS process 
on 1 µm Cu films.  The distribution density of <100> rolling direction 
oriented grains is retained at above 97%.  In transverse and surface normal 




Figure 3.19 .  EBSD maps show grain orientations via directional SLS with 2 
µm step distance for 1 µm Cu films: (a) the transverse direction represents a 
vertical direction to process direction from left to right.  (b) the rolling 
direction is the same as a scanning direction.  (c) normal direction is 
surface normal.  Wider directionally grown grains were observed relatively.   
 
Figure 3.20 EBSD maps show grain orientations via directional SLS with 5 µm 
step distance for 1 µm Cu films.   
 
Figure 3.21 EBSD maps show grain orientations via directional SLS with 8 µm 
step distance for 1 µm Cu films.  The directionally grown grains were 
formed with small width, relatively.  The <100> rolling directional texture 




Figure 3.22 Inverse pole figures and density distributions show crystallographic 
orientation and its changes according to the process distance of directional 
SLS via 2 µm step distance based on process distance.  Grain orientation in 
transverse and rolling directions varies as the distance increases comparing 




Figure 3.23 Inverse pole figures and density distributions show crystallographic 





Figure 3.24 Inverse pole figures and density distributions show crystallographic 
orientation of directional SLS via 8 µm step distance based on process 
distance.  The <100> rolling direction orientation is retained through 
directional-SLS process region using 8 µm step distance. 
3.3.2 2shot SLS of Cu films 
2shot sequential lateral solidification (SLS) is accomplished in a manner very 
similar to the directional-SLS process (as was illustrated in Figure 3.12).  Using a mask 
with periodically-spaced parallel slits, 2shot SLS is performed by an iterative, double-
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irradiation process.19 (Alternatively, it can be also implemented using a single line beam, 
simply by avoiding any nucleation in the irradiated region and stepping more than half 
the molten zone width.)  The consequence of 2shot SLS is that the grain-boundary 
formed along the center of the solidified area is not re-melted upon subsequent re-
irradiation (instead, they seed the subsequent lateral growth).  After the iterative two-
irradiation process, these location-controlled grain-boundaries are regularly distributed 
with an interval equal to the lateral growth distance.  Figure 3.25 shows a schematic 
diagrams illustrating the 2shot SLS process.  The mask designed for the 2shot SLS 
produces a shadow and beam area on the sample.  The first irradiation results in 
crystallized strip areas.  Following a micro-translation, crystallization of the whole area is 
carried out using subsequent irradiation, resulting in solidification of an un-melted area 
from the first crystallized area.  The entire area, under the patterned beam, is thus 
crystallized by two irradiation exposures. 
To investigate the 2shot SLS of Cu films and the material it produces, a mask was 
fabricated to consist of narrowly spaced slits with varying widths from 10 to 40 µm, in 
10um steps.  The short axes of the slits were aligned, as illustrated in Figure 3.26, so that, 
the sample was scanned in the direction parallel to the short axis.  The results confirmed 
that 2shot SLS can be carried out at various slit widths.  This particular mask design and 
translation procedure, shown in Figure 3.26, is referred to as a single-continuous-scan 
approach.  The beamlets are scanned across the sample, in a horizontal direction, with a 
slit length of 375 µm.  The 2shot SLS can require a high degree of accuracy in the system, 
especially in terms of stage movement.  The single-continuous-scan scheme substantially 
relaxes this requirement.  The laser repetition rate and scan velocity were matched so that 
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one pulse was fired for each increment of slit length traveled.  In this scenario, the 
resulting grain length was equal to (H+S) / 2, where H and S represent height and spacing 
values in Table 3.5.  The parallel slit length for the 2shot SLS process used in this 
investigation were 10, 20, 30, and 40 µm.  For each set of experiments, the energy density 
was set at 1.77 J/cm2, which was generally sufficient to induce complete melting and 
avoid nucleation or agglomeration. 
 
 
Figure 3.25 The schematic diagrams show 2shot SLS process.  Specially 
designed mask produces shadow and beam areas on a sample.  From un-
melted seeds on shadow area, solidification propagate into melted material 
where is beam area.  Following micro-translation, laser irradiate on 






Figure 3.26 Mask design is for 2shot SLS.  Height is larger than space because 
of overlap.  Edge of parallel slits is triangle shape for crystallized sample 
shape.  Green colored areas mean Cr-opened, so that laser beam can pass 
through a mask.  The other areas are covered with Cr. 
 
Table 3.5.Table shows mask design parameters for 2shot SLS experiments.  All 
values are µm unit at substrates.  H is the height of parallel slits and S is 
their spacing.  T is spearhead length.  All parallel slit is 375 µm length.   
 
Figure 3.27 shows four AFM images of 2shot SLS processed regions.  These 
results are characterized by highly periodic grain boundaries, which determine the grain 
length in the films.  To investigate film texture, EBSD analyses were carried out.  With a 
40 µm slit, the 2shot SLS process produced highly (100) textured Cu films in the 
transverse, rolling and normal directions, which is shown in Figure 3.28.  In the case of 
the 40 µm slit, the <100> oriented grains were 74.22% in the transverse direction,  96.68%  
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in the rolling direction, and 79.56% in the normal direction.  When a 10 µm slit was used 
for 2shot SLS, only 22.80%  of the grains were  <111> oriented in the normal direction.  
This is a result of the orientation of sputtered as-deposited Cu grains.  The percentage of 
<100> oriented grains increased as the slit height increased.  It should be noted that the 
percentages of orientations in the transverse, rolling and normal directions are very close 
between 2shot SLS (40 µm slit-height) and directional-SLS (8 µm step-distance), with 
less than a 5% difference.  This is shown in Table 3.6. 
 
Figure 3.27 AFM images show surface morphology of (a)10 µm slit, (b) 20 µm 
slit, (c) 30 µm slit and (d) 40 µm slit via 2shot SLS process. 
 
Figure 3.28 Distribution densitys of Grain orientation compare results of single-
irradiation to 2shot SLS.  Using 40µm slit shows the high distribution 




Table 3.6.Table shows statistics for orientations for transverse, rolling and 
normal directions via 2shot SLS  process on 1 µm Cu films.  Various 
paralleled slit were used.  2shot SLS with 40µm produced the distribution 
density of 96.68% <100> rolling direction.   
 
The distribution of grain orientations are shown in Figure 3.29.  It can be 
observed in the EBSD images, that <111> oriented grains in the normal direction 
disappears when the 2shot SLS was performed using 40 µm slit-heights.  The samples of 
10, 20 and 30 µm slit heights have <111> oriented grains, (which are blue colored grains) 
because of the grains in sputtered as-deposited Cu films.  The distribution of the <111> 
oriented grains decreases as the slit height is increased.  It was observed that when the 
slit-height was large, the <111> oriented grains disappeared.  This presumably occurs 
because the <111> grains form in the “peripheral” area and, following irradiation, 
overlap the “peripheral” area to be completely melted and solidified from non-<111> 
seed grains.  As a result, the probability of <111> grains surviving the 2shot SLS process 
decreases when the width of the overlapped region is increased.  Finally, if the 
overlapped region was larger than the “peripheral” area, there were no surviving <111> 
oriented grains in the normal direction.  The vertical grain boundaries are also a function 
of slit height.  When the grains of the 40 µm slit were compared with those of the 10um 
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slit, as seen in Figure 3.29, the grain width increased or decreased relative to the slit 
height.  
In contrast to the directional SLS processed materials, Figure 3.30 shows that twin 
boundary formation does not occur in the 2shot SLS process.  It can also be observed that 
low-angle grain boundaries were formed during the 2shot SLS process.  While the SLS 
processed grains were elongated, two-dimensional nucleation occurred on a twin-plane, 
so that a twin boundary formed and a newly oriented grain propagated.  In other words, 
the directional-SLS supplied a certain level of probability to produce a twin-plane; 
however, the current 2shot SLS yielded approximately zero probability because the grain 
growth length was limited by the slit height for a single irradiation and twice the slit 
height for the whole 2shot SLS process.  Interestingly, low-angle-grain boundaries 
formed and propagated in the middle of grains when four different slits were used in the 
2shot SLS process.  Although 2shot SLS could avoid twin boundary formation, other 
defects appeared during the process.  The first shot irradiation for 2shot SLS, contained 
some low-angle-grain boundaries, as the boundaries were observed to exist in laterally 
grown grains in Chapter 2.  These low angle grain boundaries were retained in the second 
irradiation, and as such, propagated through the solidification process.  If the 
solidification length was long enough, occlusion occurred and a fraction of the low angle 
boundaries disappeared.  This is illustrated in the grain boundary map of an area 




Figure 3.29 EBSD analyses show crystallographic orientations in transverse, 
rolling and normal directions.  For experiments, 10, 20, 30 and 40 µm 
parallel slit masks were used.  The films were prepared sputter as-deposited 
1 µm Cu.  2shot SLS with 40µm parallel slit shows highly orientated grains 




Figure 3.30 In band contrast maps, black color means zero Kikuchi contrast 
and high gray mean high contrast.  In twin boundary maps, red means Σ 3 
boundary and magenta color means Σ 9 boundary.  In grain boundary maps, 
black lines mean high angle boundaries and red lines mean low angle 
boundaries. 
3.3.3 Dot-SLS of Cu films 
Dot-SLS is capable of creating large, location-controlled single-crystal islands by 
utilizing a mask having an array of shadow dots and an open area.  In comparison with 
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other laser techniques for thin films, SLS is the only method that directly enables location 
controlled generatio of such microstructures on thin films without the need for any 
additional processing steps (such as film patterning and deposition procedures).  For 
instance, SLS executed using chevron-shaped beamlets can generate large location-
controlled single-crystal regions.10 In a similar way, dot-SLS schemes demonstrate the 
potential to grow single-crystal regions by manipulating the shape of solidification fronts 
(that contain highly curved interfaces), as is illustrated in Figure 3.31.  In the dot-SLS 
process, opaque dots in a mask can be utilized to induce C-SLG.  After the first 
irradiation of dot-SLS, the C-SLG microstructure as shown in Figure 3.31 (a) is formed.  
Following micro-transition and the second irradiation, the number of the grain boundaries 
present in the dot-SLS processed region is reduced (Figure 3.31 (b)).  This results from 
the fact that the second shot-initiated lateral solidification starts from fewer seed grains 
(i.e., fewer grain boundaries in the unmelted seed region), which leads to a reduction in 
the number of grain boundaries in the laterally solidified region.  As this process is 
iteratively implemented, eventually the unmelted seed region will end up consisting of an 
area that is completely devoid of grain boundaries (i.e., single crystal/grain seed).  As 
such, the resulting dot-SLS processed region will consist of a single crystal domain, as 
seen in Figure 3.31 (c).  
Figure 3.32 (a) shows the dimensions of the patterns in the masks used for dot-
SLS in this work.  The distance between the dots (which determins the maximum 
possible controlled lateral growth length) is 50um on the samples.  The results of a single 
irradiation using the dot-SLS designed mask is shown in Figure 3.32 (b) and (c).  The 
AFM images show the un-melted region where the opaque dots were located, and the 
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radial grain boundaries in the lateral growth region.  It should be noted that the overall 
shape of the grains depends on the lattice arrangement of the shadow dots.  Lateral 
growth proceeds until the solid/liquid melt front is impinged by the neighboring 
solidifying grains.  In this case, the resulting grains are square due to the square lattice of 




Figure 3.31 The schematic diagrams show dot SLS process.  Specially designed 
mask produces shadow and beam areas on a sample.  From un-melted seeds 
on shadow area, solidification propagates into melted material where is 
beam area.  Following micro-translation, laser irradiate on previous un-








Figure 3.32 (a) Schematic diagram shows array of opaque dot on mask 
designed for dot-SLS.  (b) 3D AFM image and (c) AFM plan-view image 
show the microstructure of dot-SLS.  An island-shape poly-crystalline grain 
and nucleated grains were observed after single dot-SLS process. 
AFM images of 1 µm Cu films irradiated using opaque-dot designed mask with 
single-, two-, three-, and four-shot dot SLS are presented in Figure 3.33.  The 
microstructure of the films after the first shot shows a radial distribution of grain 
boundaries, which is shown in Figure 3.33 (a).  The unmelted seed acts as an initiation 
site where growth begins when the interface temperature between the liquid and solid 
drops below the equilibrium point.  Following micro-transition and subsequent irradiation, 
the number of boundaries was systematically reduced, as shown in Figure 3.33 (b) and (c). 
Defects (specifically twins and low angle grain boundaries) are formed during the 
dot-SLS process, as shown in Figure 3.34.  The low-angle grain boundaries are presented 
in the grain boundary maps of Figure 3.34 (b), (c) and (d) as gray colored lines.  The twin 
boundaries are presented in the twin boundary maps of Figure 3.34 (c) and (d) with red 
and magenta colored lines.  Neither the low-angle boundaries nor twin boundaries 
propagated from the unmelted seeds, but rather, were formed during lateral solidification.  












Figure 3.33 AFM images show microstructural results by dot-SLS process.  The 
samples were prepared by sputter 1 µm Cu film.  (a) is a single-shot results 
via opaque-dot mask.  (b) is 2shot results.  (c) is three-shot results.  (d) is 
four-shot results. 
(a) First irradiation 
(b) Second irradiation 
(c) Third irradiation 





Figure 3.34 EBSD analyses show the crystallographic microstructures of dot-
SLS processed 1 µm Cu films.  (a) is the results of a single shot dot-SLS, (b) 
is 2shot dot-SLS, (c) is three-shot dot-SLS and (d) is four-shot dot-SLS 
results.  In ideal case for dot-SLS, three-shot should produce a single 
crystalline island.  Grain boundary maps present each shot results, inverse 











3.3.4 2shot + 2shot SLS of Cu films 
The 2shot + 2shot SLS scheme is one of the most effective SLS methods to 
produce single-crystalline-domain-tiled polycrystalline  thin films.  In a similar manner to 
dot-SLS, which produces single crystalline islands on thin films, the 2shot + 2shot SLS 
process can also lead to large polycrystalline microstructure, which can be thought of as 
consisting of these mostly single-crytal tiles.  (With Cu films, we show underneath and 
furthermore that, these tiles are crystallographically textured in all three directions, 
resulting in a microstructure that can be considered as a “large-scale” quasi-single 
crystalline material.)  
The 2shot+2shot SLS method can be described as consisting of “horizontal” and 
“vertical” 2shot SLS.  The first and second irraidations are performend in the 
conventional 2shot SLS, which was described in Section 3.3.2.  The third and fourth 
irradiations are also the conventional 2shot SLS after a 90 degree roration of the sample.  
Consequently, the crossed two 2shot SLSs produce a tile-like, mostly single crystalline 
microstructure.  The tile size is determined by the height of parallel slits.  This process is 




Figure 3.35 The schimatic diagrams show the sequence of 2shot + 2shot SLS 
process.  The 2shot +2shot SLS consists of horizontal and vertical 2shot 
SLSs. 
Remarkably, we obtained (100) textured (in all three crystallographic directions) 
Cu films via 2shot + 2shot SLS of the as-deposited films.  Moreover, the resulting 
materials are apparently devoid of twins, which were prevalent in the dot-SLS processed 
Cu films.  Figure 3.36 shows the EBSD analysis for crystallographical orientation and 
grain boundaries in Cu films that have been processed with the 2shot+2shot SLS process.  
Figure 3.36 (a), (b) and (c) show highly <100> oriented grains in the transverse, rolling, 
and normal directions.  
The 2shot + 2shot SLS leads to <100> oriented grains in the transverse and 
rolling directions, as based on the fundamental concepts discussed in conjunction with 
2shot SLS.  After the first iteration of 2 shot SLS, a strong <100> orientation in the 
rolling direction (as was discussed in Section 3.3.2) is obtained.  When the sample is 
subsequently rotated, what was the “transverse” direction in the first implementation of 2 
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shot SLS, now becomes the “rolling direction” in the second implementation of 2 shot 
SLS.  As such, this direction also exhibits a strong <100> texture after 2 shot processing.  
Thus, from a geometric standpoint, if one can control the orientation in 2 out of the 3 
directions, the third direction is automatically defined (based on number of degrees of 
freedom).  In this way, one is able to control the orientation in all three crystallographic 
directions using the 2 shot + 2shot method. 
The tile-like grains stems from the fact that solidification in the second 2shot 
implementation is being initiated from a periodic microstructure (which was created after 
the first 2 shot implementation).  The width and height of these “tiles” depends on the 







Figure 3.36 EBSD analyses show grain orientations in transverse (TD), rolling 
(RD) and surface normal (ND) directions.  The analysis demonstrate that 
2shot + 2shot SLS process resulted in effectively and efficiently minimized 
twin boudnaries and high and low-angle grain boundaries on Cu films. 
3.3.5 Discussion 
As can be seen from the results presented in this chapter, SLS is an effective 
method to modify and control the microstructure of Cu thin films.  In terms of Cu 
metallization, we can see that it is possible to obtain a microstructure with beneficial 
characteristics.  The so-called “bamboo” microstructure for interconnect can bee seen in 
Figure 3.6.  Directional-SLS produced elongated Cu grains, which is shown in Figure 
3.13.  2shot SLS led to a strong (100) texture in Cu samples.  Dot-SLS can be used to 





which are apparently and mostly devoid of intra-grain defects that typical develop in 
crystallized Si films. 
It was also observed  that the laser-induced crystallization of metallic films 
produced larger laterally grown and nucleated grains, than during Si crystallization.  The 
C-SLG of laser-induced crystallized Si films is reported as 2~3um at room temperature 
while the C-SLG of Cu films is presented as 10~40um.  This can be largely attributed to 
higher growth/interface velocities and lower melting temperatures.39,40,41 According to 
MacDonald, interface velocities can reach up 100m/s42, compared with ~5-10m/s in the 
case of Si.  The study proposed that collision-limited kinetics resulted in those high 
interface velocities.  In the case of Si, the relatively low interface velocity has been 
attributed to diffusion-limited kinetics. 
Furthermore, the solidified grains would suggest that solidification under the 
implemented conditions proceeded mostly in a macroscopically planar interface.  That is, 
the interface must not have been faceted or dendritic under these conditions.  The non-
faceted interface can be explained by entropy considerations.  Dendritic breakdown may 
not have taken place possibly because there was not enough time to do so.  Clearly, more 
experiments are needed to investigate these topics. 
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4. Heterogeneous Nucleation of solids in 
laser-quenched metallic films 
  
This chapter reports on experiments that were conducted in order to examine the 
nature of nucleation in condensed systems.  We accomplish this by examining the 
microstructure of polycrystalline Ni films obtained via nucleation and growth of solids.  
Procedurally, the experiments are conducted by irradiating the films at sufficiently high 
energy densities to induce complete melting of the films.  It is found, through analyzing 
the crystallographic orientation of the grains, that they are surface-orientation textured 
(i.e., have a preferred surface orientation).  Based on this observation, we conclude that 
heterogeneous nucleation must have occurred, and, quite significantly, must have 
transpired in an oriented-manner at the Ni-SiO2 interface.  Furthermore, it is shown that 
the texture orientation can actually change as a function of the incident beam intensity.  
We discuss theoretically how such oriented nucleation can be understood in the next 
chapter. 
4.1 Introduction 
4.1.1 Thermodynamics of nucleation 
Nucleation entails creation of a new and thermodynamically more stable solid 
phase within the body of the initial metastable phase, and represents one of the most 
fundamental topics in materials science, in general, and in crystal growth, in particular.  
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The nucleation energy barrier, which a system must overcome in order to create a nucleus 
in the ideally homogeneous liquid phase, is dependent on the interfacial enery (in the case 
of homogeneous nucleation) and the thermodynamic driving force between the two 
phases according to the classic theory of nucleation.  This is shown in Figure 4.1, where 
thermodynamic barrier to nucleation, defined as the increase in the free energy of the 
system, is described in Eq.  (4.1) for the case in which simple spherical shape of the 
clusters (applicable if intefacial energy is an isotropic quantity) is assumed.  For the case 
in which heterogeneous nucleation take place on pre-existing interface, the interfacial 
properties associated with these foreign bodies are additional factors that need to be 
further considered.  
 
Figure 4.1 Curve on graph shows Gibbs free energy for homogeneous 
nucleation. 








4.1.2 Steady state nucleation rate in supercooled liquids 
When thin films are rapidly quenched via pulsed-laser irradiation at sufficient 
energy density to induce complete melting,  extremely deep supercooling of the liquid 
can be achieved before the onset of crystal nucleation.  The observation has been 
discussed in terms of classical nucleation theory.43, 44, 45,46 The central assumption of this 
theory is that the reversible work of nucleus formation may be found by extrapolating 
Gibbs theory of capillarity into the microscopic regime.  The thermodynamic barrier to 
nucleation (i.e., the maximum point in Figure 4.1) can be expressed as 
(4.2)  
and the critical radius (the radius at which the maximum point is reached), r*, is 
defined as 
(4.3)  
where γ is the interfacial free energy, here assumed to be isotropic, between the 
nucleus and the liquid, and ΔGV is the volumetric Gibbs free energy difference between 
the phases.  Kinetic analysis, in combination with fluctuation theory, leads to an 















where A is a constant, which can be specified by the kinetic analysis, and ki is the 
temperature-dependent exchange frequency.  It is convenient to express the equation in 
terms of undercooling as 47,48 
(4.5)  
where LV is the latent heat of fusion per unit volume and ΔT is Tm-T.  The 
variation in I as a function of ΔT for different choices of the parameters has been treated 
elsewhere. 49 In laser annealing, large undercooling or superheating may be attained in 
periods so short that the density of structural fluctuations, leading to nucleus formation, 
may not have reached the steady state value assumed in the derivation of the equation.  
More accurate calculation of the kinetics involved in the embryos overcoming the 
nucleation barrier, results in an additional factor Z, the so-called Zeldovich factor, in the 
expression for the rate of nucleation.50,51 
4.1.3 Numerical modeling of nucleation in supercooled liquids 
Many investigations have been conducted in order to understand the nature of 
nucleation in supercooled liquids.52,53,54 The nucleation phenomenon has been recognized 
as being stochastic in nature.  When copious nucleation events are involved, it is 
challenging to reveal the spatial and temporal randomness of the phenomenon.  The 
modeling of nucleation in a supercooled liquid is useful to account for the probabilistic 
nature and kinetic aspect of the phenomenon.  In particular, the stochastic modeling of 








nucleation in supercooled liquid has been accomplished in a conceptually consistent 
manner.56 
According to previous studies 55 , 56 , 57  a stochastic nucleation model can be 
developed to model pulsed-laser-irradiation induced melting and solidification of thin 
films.  In these formulations, the system is divided into size-controllable nodes for 
simulating discontinuous phase transitions, and then proceeds iteratively through a series 
of short interval steps, while calculating the laser energy densitiess, phase evolutions, and 
thermal profiles.  The probability of nucleation can be obtained, by subtracting from 
unity the probability of avoiding nucleation during some small time step.  This can be 
expressed as 
(4.6)  
where is the probability of nucleation in a small liquid node and is the 
probability of avoiding nucleation during .  Considering sufficient small variations of 
temperature and compositions in small node volumes, using the Poisson formulation, the 
probability of nucleation can be approximated as 
(4.7)  
where is the mean nucleation-event frequency of the node during the 
interval .  For the simple case involving steady state nucleation, the mean frequency 
becomes 
Pijk ,t















where  denotes the volume of the node and  is the nucleation rate 
evaluated at the node temperature .  This overall approach enables the analysis of 
small and size-controllable nodes to account for nucleation events, phase evolution and 
thermal profiles of each node, as well as  simulating the pulsed-laser-irradiated 
condensed systems. 
Using a simulation based on this model, Figure 4.2 demonstrates the complete 
melting and solidification of a thin Si film induced by pulsed-laser-irradiation.  The plot 
shown in Figure 4.2 shows the thermal evolution of nodes and the nucleation events 
within a 3 x 3 µm nucleation area.  Consequently, the stochastic modeling of nucleation 
presents the capability to simulate and analyze the nucleation phenomenon in a 
condensed system. 
 
Figure 4.2 Node temperature evolution and nucleation events in supercooled 
liquid of a thin Si film56.  Plot shows temperature and nucleation events as a 
function of time.   
Γ ijk ,t = vijk I V (Tijk ,t )
vijk I V (Tijk ,t )
Tijk ,t
liquid regions during the period, as reflected in the plot, per-
mits spontaneous nucleation of solids over a rather extended
period of time and temperature range as shown in Fig. 1!b".
For this particular simulation, nucleation events occur until
about 62 ns, around which point the heating of the residual
liquid nodes brings an end to any further nucleation within
the simulated volume. Repeating the simulation under iden-
tical conditions !but with a different random number se-
quence" will yield slightly different but equivalent results, in
a manner consistent with the stochastic behavior of nucle-
ation. As the transformation proceeds, impingement of grains
!and corresponding convergence of interfacially heated re-
gions" leads to regions of high temperatures that approach,
but do not quite reach, the melting temperature.
The results presented here were chosen to demonstrate
the capability of the nucleation model in simulating nucle-
ation events even under extremely transient and nonuniform
thermal conditions. The simulation, in fact, yields signifi-
cantly more information associated with the overall transfor-
mation than can be discussed in the present letter. A full
thermal and kinetic analysis of the transformation, including
a discussion on the relevance of homogeneous and heteroge-
neous nucleation mechanisms in laser quenched Si films, will
be presented elsewhere.19
With the incorporation of the stochastic nucleation
model and generalization of the nonequilibrium phase
change model to three dimensions, the present program can
be of value in simulating and analyzing various melting and
solidification scenarios encountered in pulsed laser-induced
solidification of thin Si films.16 One specific scenario of par-
ticular technological relevance corresponds to rapid lateral
solidification of thin films that forms the basis of the con-
trolled superlateral growth method,20 where the maximum
extent of lateral growth is ultimately limited by the random
nucleation of solids taking place ahead of the growing inter-
face. More generally, we believe that the program can be
useful in investigations of rapid melting and solidification in
a number of additional thin film materials, as well as ad-
dressing and characterizing fundamental aspects of nucle-
ation and growth kinetics.
As a concluding remark, we note that the basis of the
stochastic model presented in this letter is quite general; it
should be possible to !1" extend the model to other first-order
phase transitions and !2" incorporate additional or alternate
nucleation scenarios and mechanisms11 such as competitive
nucleation between various phases and/or heterogeneous
mechanisms !occurring at stationary and/or moving inter-
faces", transient21 and/or athermal22 nucleation, and
nucleant-initiated growth from randomly distributed incu-
lants. All that is needed is the capability to quantitatively
evaluate a probability of success within the matrix of the
metastable parent phase for a given spatial domain and time
interval.
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FIG. 1. !a" Node temperature evolution in a single simulation showing
maximum, minimum, and average temperatures in the film. Histogram cor-
responds to nucleation events that occurred during the transformation. !b"
Same nucleation events, plotted as individual points at the time and tem-
perature of occurrence.
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4.1.4 Nucleation of Solids in laser quenched Si films 
Recent investigations have been aimed at understanding nucleation during pulsed-
laser-induced melting of Si thin films.  In this system, deep undercooling temperatures 
can be reached before the onset of nucleation and several works have reported 
measurements on this observation.58,59,60 
In these studies, thin Si films on Si oxidized substrates, (which is 
nonreactive/stable with repect to the solid and liquid Si phases), were completely melted 
via pulsed-laser-irradiation.  During the process, the propagation of the liquid layer and 
subsequent solid formation were monitored with transient conductance (TC) and transient 
reflectance (TR).  The TC and TR data can be seen in Figure 4.3.1,4,82 From the data, it 
can be determined that the time frame (approximately 100 ns after irradiation) of 
nucleation initiation is very significant.  For example, the TC and TR signals remain 
approximately constant until Si nucleation events take place.  This leads to the estimation 
of the time of nucleation in supercooled Si, when working under the assumption that 
nucleation occurred at the same temperature for all film thicknesses. 
 
Figure 4.3 Transient conductance and reflectance for irradiation of Si films.  
The arrow indicates the time that nucleation events occur.61 
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To estimate a nucleation rate in the experimental results of supercooled Si, one 
needs a supercooled Si temperature, 505 K, that can be evaluated by the transient 
conductance (TC) data and examined by numerical simulations.  One needs a nucleation 
density of 2 x 1020 events/m3 that can be determined by the grain density and the 
approximate time frame for the nucleation.  One assumes the homogeneous nucleation 
mechanism, isotropic nucleus shape, and classical nucleation theory, all play a vital role 
in the phenomenon.  Based on the steady-state homogeneous nucleation rate in Eq.  (4.3) 
and (4.7), the assumptions regarding Si properties result in the nucleation rate as 
(4.9)  
where ΔG* is the maximum nucleation energy barrier as in Eq.  (4.1).  With a 
nucleation rate, and supercooled temperature, the nucleation rate in Eq.  (4.8) can be 
evaluated as shown in Figure 4.4. 
  
Figure 4.4 Evaluated nucleation rate for supercooled Si induced pulsed-laser-
irradiation.82 Comparison between the homogeneous nucleation data from 
(a) the droplet experiment and (b) the laser quenching experiment.61 More 
recent experiments are revealing that no homogeneous nucleation takes 
place in laser-quenched Si films. 
Γ ≈ 1039e−ΔG*/kT events / m3 ⋅ s


























Figure 2.6: Comparison between the nucleation data from (a) the droplet
experiment by Devaud and Turnbull [3] and (b) the laser quenching exper-
iment by Sti✏er et al. [4]. The curve is plotted based on the homogeneous
nucleation rate expression with   = 0.34 J/m2. This figure is adapted
from reference [4].
viewed as a strong evidence for homogeneous nucleation taking place in their experiments.
Because of all the coherent supporting evidence and the rarity of other experimentally
confirmed homogeneous nucleation studies, Sti✏er et al.’s work has been widely accepted,




The nucleation rate vs temperature graph shown in Figure 4.4., implies that 
pulsed-laser-irradiation is applicable to nucleation studies in a wide variety of materials, 
although the experiment raises several subtle questions, such as, unclear evidence for 
nucleation mechanisms and difficulties presented by complicated microstructures of Si. 
More recent investigation, however, is leading to the conclusion that the above 
nucleation and solidification scenario (involving homogeneous nucleation of solids) is 
not, in fact, correct; a set of laser-quenching experiments performed using back-side as 
well as front-side transient reflectance analyses is leading one to conclude that nucleation 
of solids in laser-quenched supercooled liquid Si takes place via the heterogeneous 
nucleation mechanism with nucleation taking place, at least, at the bottom interface.82  
Also, when a thin oxide layer is present at the top surface, heterogeneous nucleation was 
found to take place simultaneously at the bottom and top interfaces. 
4.1.5 Oriented heterogeneous nucleation in thin Al films 
The most interesting outcome involving Al films correspond to the fact that 
oriented grains (with (111)-surface texture) were obtained in the laser-quenched Al 
films.62,63,64 To investigate nucleation in Al samples, a UV pulsed-laser and 167nm 
sputter-deposited Al films were used.  Using the energy density above complete melting 
threshold, copious nucleation occurred and grain growth for each nucleation followed in 
Al samples.  The <111> oriented grains appeared within a certain energy density range, 
which is shown in Figure 4.5.  It was concluded that heterogeneous nucleation occurred, 
since (111)-surface textured nucleated grains were observed in the study. 
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Figure 4.5 SEM and EBSD images show oriented grains in an Al sample by 
nucleation and growth using pulsed laser.  (a) Nucleated grains appear in 
non-voronoi polygon shapes.  (b) Textured grains via pulsed-laser ineduced 
nucleation have <111> surface-normal orientation.  These textured grains 
in pulsed-laser irradiated Al film were observed in a energy regime. 
In the laser-induced Al films, Al2O3 was found to have formed through reaction at 
the top and bottom of the films via TEM analysis (as shown in Figure 4.6).  These 
oxidized Al layers increased the uncertainty in understanding heterogeneous nucleation in 
metallic thin films by introducing complications involving interfacial reaction.  One of 
the theoretical work involving the possibility of oriented nucleation was Cahn’s study on 
the topic.  The Cahn’s study suggested that isotropic and anisotropic interfacial energies 
determined and select the orientation of nuclei during heterogenous nucleation. 
However, the assumptions they have made for their analysis involving the 
relevant interfacial energies can be identified as being discommensurate with the 
situation which is encountered in laser-induced nucleation of Al films.  In Cahn’s 
analysis, the solid-wall interfacial energy was isotropic.  In fact, the interfacial energy in 




exhibit anisotropic interfacial energy bahavior must be manifested (even if the interface 
material itself may be amorphous. (Indeed, Cahn’s assumption may be pointed out as 
being physically not consistent; as the point they were trying make involved the role 
which the solid-liquid interfacial energy can have on the phenomenon, it is an entirely 
sensible excersize). 
 
Figure 4.6 Thin Alumina interfacial layers were observed on top and bottom 
interfaces as revealed by cross-sectional TEM and sequential EELS spectra. 
These analyses reveals Al2O3 layer formed not only on the top surface of the 
Al film, but also at the interface between Al and SiO2. 
In this thesis, we have investigated heterogeneous nucleation initiated 
solidification in other laser-quenched metallic thin films.  These experiments were 
conducted in order to more definitively identify the situation involving the orientation 
selection via nucleation in completely melted films.  Furthermore, we extend the type of 






4.2 Experimental results: Nucleation-initiated solidification of 
thin Ni films 
To investigate nucleation in laser-quenched metallic thin films, we have 
performed excimer-laser irradiation of Ni thin films.  One of the advantages of irradiating 
this material (i.e., Ni films) is that the molten layer is expected to not react with the 
substrate material, and, thus, avoid Ni oxide formation at the bottom interface during the 
process.  This is the case as SiO2 is expected to be more stable than Ni oxide.  At the Ni 
melting point, Ni oxide has -170KJ/mole, and Si oxide has -580KJ/mole for Gibb’s free 
energy of oxide formation.  Thus, the lower Si oxide formation energy leads to difficulty 
in forming Ni oxide.  On the other hand, Al can easily reduce Si oxide to Si, at the Al 
melting point.  Al oxide is 190KJ/mole lower than Si oxide for Gibb’s free energy of 
oxide formation at the melting point.  As a result, Al oxide should be fromed, as observed, 
between Al and SiO layers during Al melting. 
We prepared 100nm and 200nm Ni film on 100nm oxidized Si wafers via e-beam 
evaporation using a SEMICORE SC2000 E-Beam Evaporation System, with 99.995% Ni 
pellets.  The thin Ni layer was deposited under the following conditions, 7.4 x 10-7 Torr 
for initial vacuum pressure and 1.1A/s for deposition rate.  To observe nucleation formed 
grains, we have used the micro-flood irradiation technique, and irradiated films at various 
energy densities.  The micro-flood irradiation area was 320um x 320um.  In addition, 
samples were analyzed using a JEOL 5600-LV SEM equipped with an EBSD system and 
Digital Instruments Dimension 3000 AFM. 
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4.2.1 Microstructure of single-shot irradiated Ni films 
Micro-flood irradiation was used to investigate the microstructure that resulted 
during solidification, as discussing in the previous section.  Similarly, micro-flood 
irradiation was used to scrutinize nucleated grains in Ni samples.  There are many studies 
for nucleation and growth, particularly with Si samples.  When pulsed laser irradiated 
was used on thin Si films with an oxidized Si buffer, Si melted partially or completely 
depending on the incident energy density.  Conversely, metallic films very rarely 
experience the partial melting process because of reflectance change-led positive 
feedback absorption of the beam energy during irradiation.  This is the case for Ni films.  
Until the complete melting threshold (CMT) is reached, the incident laser beam did not 
significantly change the microstructure. Above CMT, the microstructure of Ni films 
varied, as a function of incident energy density.  To demonstrate nucleation occurring in 
Ni samples, we examined cross-sectional microstructures, using focused ion beam (FIB) 
and SEM analyses. 
Figure 4.7 shows AFM microstructures of single irradiated Ni films as a function 
of the energy density of the incident beam.  Figure 4.7 (a) - (h) correspond to 100nm 
thick films, and Figure 4.7 (i) - (p) correspond to 200nm thick films.  In Figure 4.8 (a) 
and (b), the corresponding average grain size of the crystallized films is plotted against 
the energy density.  
In both 100nm and 200nm thick Ni films, it is possible to define the overall 
microstructural trends in terms of two major regimes (both of which are above the CMT 
regime): the low energy density range, where the microstructure is insensitive to large 






Figure 4.7 AFM images of laser induced nucleation 100nm and 200nm Ni films 
at various energy densities.  The first (a)-(d) and the second sequences (e)-
(h) correspond to 100nm Ni films which were captured using height and 
deflection AFM data, respectively.  The third (i)-(l) and fourth sequences 
(m)-(p) correspond to 200nm Ni films where were captured using height and 




















Figure 4.8 Plots show the maximum, minimum and average grain diameters by 
nucleation via single micro-flood irradiation on 100nm Ni and 200nm Ni on 
100nm SiO2.  (a) the size shows nucleated grains on100nm Ni films and (b) 
the size shows nucleated grains on 200nm Ni films. 
microstructure shows an increase in the grain size with increases in the energy 
density.  At low energy densities, a small but gradual increase in the grain size was 
observed as the incident energy density was increased.  This occurred up to the point at 
which twin defects appeared in the nucleated grains.  The twin defects formed from 2.07 
x CMT in 100nm Ni samples and 2.6 x CMT in 200nm Ni samples which are in Figure 
4.7 (d), (h), (l) and (p). 
















































Figure 4.9 (a) and (b) shows cross-sectional focused ion beam (FIB) analysis from 
the 200nm thick Ni samples, which were irradiated above the CMT.  It is possible to 
identify the grains that wereformed via nucleation and solidification for the following two 
reasons.  One, the microstructure of recrystallized Ni films has a columnar structure 
without intra-grain defects.  The other reason is that the grain size is greater than the film 
thickness. 
 
Figure 4.9 Focused ion beam images show single-pulse irradiated grains, 
columnar microstructure, in a 200nm Ni / 100nm SiO2 sample.  The 
colummar grains show that these grains were triggered by nucleation  
A comparison between the microstructures of the micro-flood irradiated films 
having different thicknesses provides one with an opportunity to investigate various 
solidification scenarios.  AFM images showing the difference in the microstructure 
between the two thicknesses can bee seen in Figure 4.10 (a) and Figure 4.10 (b).  In 
Figure 4.11, the corresponding average nucleated and laterally grown grain size of the 




grain sizes, in Figure 4.11, indicate that grain solidification in the center and edge regions 
of micro-flood irradiated areas, occurred at different times during the cooling of the Ni 
film.  It is shown that nucleation and lateral solidification can occur, since the films are 
completely melted in the high energy density regime.  When the liquid Ni is deeply 
supercooled after irradiation, copious nucleation take place (either homogeneously or 
heterogeneously).  In contrast, lateral solidification will proceed, after the interface 
temperature decreased below the equilibrium point (i.e., controlled- super-lateral growth).  
The lateral growth length between the two films are different due to the difference in the 
solid/liquid interfacial temperature and the cooling rates.  The increase in grain size as a 
function of energy density can be attributed to the reduction in the rate of cooling 
expected with increasing energy density. 
 
Figure 4.10 AFM images show micro-flood irradiated samples which were 
irradiated with 1.9 x CMT on (a) 100nm Ni and (b) 200nm Ni on 100nm 
SiO2 films as an example.  The laterally grown grains is at the edge of 







Figure 4.11 Plot shows nucleated grain diameter (Black line) and lateral 
growth length (Red line) in the single-pulse-irradiated 200nm Ni on 100nm 
SiO2 with respect to normalized laser fluencies. 
4.2.2 EBSD analysis nucleated grains: Oriented heterogeneous 
nucleation of solids 
Previous irradiation studies conducted using Al films have shown that 
heterogeneous nucleation can occur with a preferential (111)-surface texture in the 
surface normal direction.  The present study demonstrates that such a heterogeneous 
nucleation scenario can also take place with thin Ni films (which, unlike Al films, is 
stable against SiO2).  Furthermore, we observe that the texture of heterogeneous 
nucleation can change as the cooling rates are varied.  However, the analysis of the 
orientation of the nucleated Ni grains are not as straight-forward as the orientation 
analysis of nucleated Al grains, since defects are formed during solidification.  The 
100nm, 200nm Ni samples were prepared in the same manner as in the previous section.  
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In addition, we conducted single-pulsed irradiation on 200nm Ni films, which were 
layered on 2 µm SiO2.  This led to slow quenching rates of the liquid phase during melting 
and solidification. 
Figure 4.12 shows the grain orientations of single-shot irradiated 100nm Ni films, 
as a function of the energy density, from non-irradiated Ni film to 2.2 x CMT.  Under the 
present evaporation conditions, the as-deposited Ni grains have random orientation in the 
surface, and normal directions.  In the partial melting regime, the resulting grains have a 
random orientation, as shown in  Figure 4.12 (b).  In the high energy density range, at 
around 2.0 x CMT, the nucleated grains also have random orientation.  We attribute this 
to defect formation, in particular to the formation of numerious twin boundaries.  These 
are shown in Figure 4.12 (e) and Figure 4.13, where thin white lines represent Σ 3 and 
thin black lines represent Σ 9 boundaries. 
It is interesting to note that the surface texture of heterogeneously nucleated 
grains in the 100nm thick films changed from (110) to (111) as energy density increases.  
In the previous Al nucleation study, it was shown that heterogeneous nucleation led to the 
texture of nucleated grains.  In the present study, a preferred texture was found in single-
pulsed irradiated 100nm Ni samples.  Figure 4.12 (c) shows (110)-surface texture in the 
nucleated grains using, irradiated at 1.2 x CMT energy density.  Figure 4.12 (d) shows 
(111)-surface texture in the nucleated grains, irradiated at 1.7 x CMT energy density.  
Within the high energy density range,  above 2.0 x CMT, the texture was found to 
apparently disappear.  Concurrently, intra-grain defects appeared and resulted in many 




Figure 4.12 EBSD analyses show grain orientations on single-pulse irradiated 
100nm Ni films.  The (a) is grain orientation of E-beam deposited 100nm Ni 
films.  The orientation on (b) is on partially melted 100nm Ni films.The 
selected orientations on (c) and (d) represent heterogeneous nucleation 
textures.  In (e), the random orientations occurred when high energy density 
irradiated on 100nm Ni films. 
Furthermore, the texture variation associated with heterogeneous nucleation (as 
the incident energy density is varied) was modified as the film thickness was changed.  
The thicker Ni films (i.e., 200nm thick), led to changes in the heterogeneous-nucleation-
induced texture trend.  This is shown in Figure 4.14, where the trend appeared in a 
manner consistent with the previously presented results.  The (110)-surface texture 









in the mid-energy density range.  In the high energy density range, intra-grain defects 
reduced the amount of observable texture.  However, mass flow occurred during 
irradiation in the high density range, which resulted in agglomeration of the films.  
Consequently, the (110)-surface texture increased, (111)-surface texture decreased in this 
regime. 
 
Figure 4.13 EBSD analyses show defects on grains where were nucleated in 
single-pulse irradiated 100nm Ni samples.  The while lines means Σ 3 
boundary and black lines means Σ 9 boundary on EBSD analyses. 
When the samples were irradiated with a thick buffer layer, (i.e., 2 µm SiO2), as 
shown in Figure 4.15, a single texture was observed.  The texture strength was found to 
decrease as the energy density was increased.  Figure 4.15 (b) and (c) show that samples 
irradiated at a low energy density resulted in (110)-surface textured grains (within which 
twin boundaries are present).  As the energy density increased, the strength of (110)-
surface texturing was found to decrease.  In addition, the previous (111)-surface texture, 
which existed in the mid-energy density range on 100nm Ni / 100nm SiO2, did not appear 
in any energy density range.  In the high energy density range, the size of nucleated 
grains increased; however, no orientation texturing was observed, as is shown in Figure 
4.15 (j) and (k). 




Figure 4.14 EBSD analyses show texture change from (110), (111) to random 
on single-pulse irradiated 200nm Ni films.  The (a) 1.01 x CMT shows (110) 
texture, (b) 2.61 x CMT represents (111) texture and (c) 2.86 x CMT, high 
energy density regime, shows no texture because of intra-grain defects. 
The band contrast of the EBSD analysis was insufficient to make a clear 
determiniation as to whether or not orientation textureing was observed (seen as black 
regions in Figure 4.12).  To further investigate the situation we used two additional 
techniques, FIB secondary electron imaging analysis and double micro-flood irradiation 
experiments.  The FIB secondary electron image, via the primary ion beam, demonstrates 
intense grain orientation contrast.  Figure 4.16 shows a FIB secondary electron image of 
the 100nm film irradiated at 1.7 x CMT energy density.  It reveals that the 1.7 x CMT 
single-pulsed irradiation led to the appearance of (111)-surface texture of nucleated 
grains in 100nm Ni samples.  The secondary image shows almost identical orientations 
using dark contrast.  Figure 4.17 shows the results from double irradiation experiments  
involving 200nm Ni films.  Irradiating the sample twice at two different energy densities 
(with a slight translation to create a partially overlapped region) on the 200nm Ni film led 
us to conclude that the texture resulted from the grains that were form as a result of the 
first irradiation.  The first shot resulted in the production of seeds, that grew into laterally 
grown grains during the second irradiation, when the second irradiation overlapped the 





Figure 4.15 EBSD analyses show the orientations of nucleated grains in 200nm 
Ni on 2 µm SiO2.  When thick SiO2 layer was used, the texture of nucleated 
grains doesn’t change.  In low energy density regime, (110) texture 
occurred via single-pulsed irradiation.  Above threshold energy for (110) 
texture formation, no texture appeared in 200nm Ni and SiO2 2 µm layers. 
texture was produced.  This led to <110> oriented grains growing laterally by the 
second irradiation, which used 2.60 x CMT.  Non-overlapped regions of the second 















shown in Figure 4.17 (a) and (b).  Thus, we have confirmed that the texture induced by 
the first irradiation was indeed (110).   
 
Figure 4.16 Focused ion beam image (on left) and EBSD inverse pole figures 
(on right) show nucleated grains on a 100nm Ni film indicating a selected 
texture on surface normal direction.  The contrast of grains on left image 
means orientation, relatively. 
 
Figure 4.17 EBSD analyses show double micro-flood irradiation results for 
texted grains by nucleation.  The left show schematic diagram for 
irradiation twice.  The (a) and (b) indicate EBSD measurement positions on 
right.  Upper experiment shows (110) oriented grains and bottom 




















Previous studies of pulsed laser annealing of Al films have revealed that under 
intense laser pulses, crystalographically surface-textured Al grains are formed via 
oriented heterogeneous nucleation of solids.  The results that are obtained in this current 
work reveal that much of the low energy density range (above CMT) is qualitatively 
similar to previous studies, with one important difference.  This distinction relates to the 
discovery that there was a transformation of textures that occurred at the onset, which 
resulted from nucleation at either the top or bottom interface of the film.  The (110)-
surface texture was initiated in the low energy density range, and, subsequently, was 
transformed into the (111) in the mid-energy density range.  Intra-grain defects were also 
generated in the nucleated grains. 
The trends in the crystallographic orientation change associated with increasing 
the energy density in all three cases (100 and 200nm thick Ni films on a 100nm SiO2 
buffer layer, and 100nm thick Ni film on a 2 µm thick SiO2 buffer layer) can be seen in 
Figure 4.18.   
 
Figure 4.18 Three plots show grain orientation formed by heterogeneous 
nucleation in Ni films.  The (a) sample was deposited 100nm Ni on 100nm 
SiO2, (b) was 200nm Ni on 100nm SiO2, and (c) was 200nm Ni on 2 µm SiO2. 


































































5. Modeling of oriented heterogeneous 
nucleation 
  
In this chapter, we thermodynamically analyze the formation of a crystalline solid 
cluster within the liquid matrix on a foreign substrate using a Winterbottom-type 
construction.  In contrast to the previous investigations on related topics, we incorporate 
the anisotropy of both the solid-liquid and solid-substrate interfacial energies.  We 
suggest that this is the only conceptually consistent treatment of the problem, and show 
that, not surprisingly, the phenomenon of oriented nucleation can be accounted for by this 
thermodynamic analysis.  We examine various possibilities using a simple and simplified 
two-dimensional model.  The exercise, in addition to accounting for the observation also 
indicates that different orientations may be selected within a system under different 
physical conditions. 
5.1 Introduction 
5.1.1 Classical nucleation theory for isotropic case 
Classical nucleation theory asserts that heterogeneous nucleation has a lower 
thermodynamic barrier to nucleation than that of homogeneous nucleation under 
otherwise similar circumstances.  Many previous investigations on heterogeneous 
nucleation have focused on this energy barrier reduction, and its consequences.  Volmer 
presented a method to effectively calculate the nucleation of a solid from a liquid phase, 
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on a planar wall.  Here, the equilibrium shape of a solid embryo is described with a 
“contact angle,” θ shown in Figure 5.1, and is defined as the angle between the surface of 
the solid at the point of contact with the solid-wall interface, while γ denotes interfacial 
free energy (S, L, and W denote solid, liquid, and wall/substrate, respectively). 
(5.1)  
 
Figure 5.1 Schematic drawing of heterogeneous nucleation corresponding to the 
case in which isotropic interfacial energies are assumed.  The three relevant 
interfacial energies are conveniently captured by the contact angle θ. 
If it is assumed that the various surface energies are isotropic, then the free energy 
increase associated with forming an embryo having the shape of a spherical sector 
becomes 
(5.2)  
where is Gibbs free energy for heterogeneous nucleation formation, 
is the volume metric Gibb’s free energy and is the radius of the sphere.  S(θ) denotes 
the function where the contact angle is a variable, whose value goes from zero (in the 
case of perfect wetting) to one (in the case of complete non-wetting); we will later 


















consider and analyze these cases in more detail.  The work of forming a nucleus of 
critical size spherical cap becomes 
(5.3)  
Theses expressions clearly show how the work of forming a nucleus on a planar 
wall differs from the work of forming a nucleus in the interior of a liquid by the function 
of .  When the contact angle is zero, which is the lower limit of the contact angle,  
barrier-less nucleation occurs (i.e., spontaneous and complete wetting).  When the contact 
angle is π, which is the upper limit of the contact angle, heterogeneos nucleation no 
longer is favored, and nucleation takes place homogeneously. 
In condensed systems where heterogeneous nucleation of a crystalline solid is to 
be considered, the treatment of the situation using the contact angle (as the parameter that 
captures the essence of the situation) is, strictly speaking, no longer applicable, because 
the shape and energetics of a nucleus on a wall, must now reflect the anisotropy of at 
least the crystalline solid nucleus itself and possibly the anisotropy associated with the 
substrate (i.e., if crystalline).  Be that as it may, classical nucleation theory, can more 
generally describe (as was shown by Gibbs)  the ratio of the thermodynamic energy 














where  are critical volumes associated with forming nuclei 
heterogeneously or homogeneously.  Figure 5.2 shows the thermmodynamic nucleation 
barriers for homogeneous and heterogeneous cases.  Because of the reduced critical 
volume associated with forming a critical nuclei, the barrier for heterogeneous nucleation 
is commensurately lower. 
 
 
Figure 5.2 Diagram shows Gibbs free energies in the cases of homogeneous and 
heterogeneous nucleations. 
5.1.2 Wulff theorem and Winterbottom construction 
Before discussing the proper relation between the energy barriers of homogeneous 
and heterogeneous nucleation, a consideration must first be given to the equilibrium 
shape of the nuclei.65 The criterion for forming an equilibrium shape states that, for a 
given volume, the total surface free energy must be minimized.  In the case of isotropic 
surface energy, this equilibrium shape can be trivially determined as being spherical.  
When γ is a function of orientation, on the other hand, the equilibrium shape will depart 




crystallographic orientations having low energies.  The Wulff theorem, describing the 
equilibrium shape of particles with anisotropic interfacial energy, is expressed as 
(5.5)  
where λ is the distance of the ith face of the equilibrium body from the Wulff 
center and γ is the interfacial energy of the ith face.  These ith faces are equal to a constant 
volume free-energy change, as a result of the solid crystal formation.  The Wulff center is 
the geometric center of non-polar crystals.  The interfacial energy and ith faces are 
illustrated by Figure 5.3 
 
Figure 5.3 The left figure is a schematic γ-plot at 0K.  The right figure shows 
that a schematic γ-plot at finite temperature has the Wulff construction for 
the equilibrium shape of a particle.65 
If the variation of interfacial free energy with orientation is known, the 
equilibrium shape of the crystal can then be determined by a simple construction.  First, 
the surface energy is plotted versus orientation on a polar plot (or γ-plot) as in Figure 5.4.  
Planes are drawn, normal to the radius vectors, intersecting at its surface.  The envelope 
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formed by points, which can be reached from the origin without crossing any of these 
planes, is the equilibrium shape.  Cusps in the γ-plot give rise to crystals with sharp facets 
at the equilibrium, as shown in Figure 5.4. 
 
 
Figure 5.4 Schematic drawing of heterogeneous nucleation corresponding to the 
case in which isotropic interfacial energies are no longer assumed. 
When a particle lies on a planar substrate (as, for instance, would be the case in 
heterogeneous nucleeation of a new phase), the interfacial energy between the particle 
and the substrate must further be considered for understanding the equilibrium shape of 
the solid particle.  Figure 5.5 illustrates the configuration of a particle in contact with a 
substrate.  To determine the equilibrium shape, a Winterbottom construction has been 
used.66 Here, the following equation describes the condition of the equilibrium shape of 
an “anisotropic” particle on a planar interface as 
(5.6)  
where S, L and W denote solid, liquid, and wall in condensed systems.  Subject to 
the constraint that V(P)= const., the Wulff theorem can be used to solve such a problem 




Figure 5.5 Winterbottom construction shows the equilibrium shape of a small 
particle on a planner interface enveloped with liquid.66 
A geometric construction, describing the equilibrium shape of particles on planar 
substrates, is obtained from the polar plot of the orientation dependence of γ.67,68 The 
equilibrium shape becomes the truncated shape of a particle without the interaction 
between particles and substrates.  Here, γ* determines how to truncate the shape.  When 
γ* is greater than γLS, the equilibrium shape is the same as the particle shape enveloped 
by liquid, namely homogeneous nucleation occurs since it is a non-wetting situation.  
When the absolute value of γ* is less than γLS, heterogenous nucleation results because it 
is a partial wetting situation.  The equilibrium shape under this condition becomes the 
truncated shape.  The limiting condition, when negative γ* is less than γLS, a complete 
wetting situation ensues (i.e., contact angle is zero). 
5.1.3 Nucleation of anisotropic solid particles 
It has been shown that the thermodynamic barrier of heterogeneous nucleation 
depends on the volume of the equilibrium shape of nuclei.69 This helps us to better 
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understand how the anisotropic shape of nuclei affects the free energy of the condensed 
systems.  To determine the relationship between total interfacial free energy and volume, 
one can write the Gibbs free energy of nucleation for a polyhedron (which we assume for 
anisotropic nuclei shapes) of volume V, as 
(5.7)  
where Aj is the area and λ is the distance of the jth facet of the embryo.  The 
substitution of λ from Eq (5.5) yields the relation between total interfacial free energy 
and volume of nuclei as 
(5.8)  
where a is constant, which is determined by two constants, one being from 
Wulff’s theorem in Eq.  (5.17) and the other, a numeric constant for describing the total 
volume of nuclei in Eq.  (5.14). The use of the Gibbs-Thomson effect, in the case of 
polyhedrons, yields 
(5.9)  
where λ* corresponds to the distance of equilibrium nuclei for anisotropic shapes.  
Consequently, one can obtain the function of Gibbs free energy for polyhedron nuclei 
with some constants, and their volume as a variation, as 















where a* is constant and V* is volume at the equilibrium shape of nuclei.  The 
equation shows the maximum value of .  To consider homogeneous and 
heterogeneous nucleation barriers, one has to examine a* and V* and compare these two 
nucleation cases.  The a* of homogeneous and heterogeneous nucleation are the same, 
since we assume the initial shapes of homogeneous and heterogeneous nucleation are 
identical (however, the nuclei shape of heterogeneous nucleation is truncated by the 
interfacial energy between wall and nuclei).  In contrast, V*’s have obviously different 
values, determined by the interfacial energy.  Thus, the relation between homogeneous 
and heterogeneous nucleation barriers can be described as, 
(5.11)  
which is identical to what was mentioned at the outset. 
Here, the energy barrier of nucleation of anisotropic shapes can be compared to 
their isotropic shapes.  Previously in this chapter, the classical nucleation barrier was 
evaluated; however, it cannot be applied for anisotropic shapes.  Nonetheless, it was 
mentioned that the energy barrier ratio of homogeneous nucleation and heterogeneous 
nucleation is the same as the volume ratio between homogeneous and heterogeneous 
nucleation, without the consideration of the nucleus shape.  To further prove this, we 
begin with considering the case of the Wulff theorem with respect to polyhedron nuclei.  




























The energy barrier ratio of homogeneous and heterogeneous nucleation in the case of 
anisotropic shapes is clearly the same as their volume ratios, since the constant values are 
the same when fundamental shapes of two nucleation cases are the same.  In order 
calculate the nucleation barrier, we examine the volume of the equilibrium shape. 
5.2 Previous studies of modeling on oriented heterogeneous 
nucleation 
5.2.1 J. W.  Cahn and J.  Taylor 
Cahn and Taylor have treated a case can be viewed as one model for dealing with 
the process of oriented heterogeneous nucleation.  Cahn’s analysis, based on Wulff’s 
theorem, demonstrates how anisotropic shapes of nuclei have an effect on the energy 
barrier of nucleation.  However, the results of Cahn’s analysis may be viewed as being 
lacking, as far as dealing with the situation in a realistic manner, because the analysis 
specifically did not take into account the anisotropic nature of the solid-wall interfacial 
energy, but assumed it to be isotropic, even though the experimental and theoretical 
information for interfacial energy was insufficient. 
Cahn’s model consisted of Wulff’s theorem and the heterogeneous nucleation 
theory, as was shown previously.  The model demonstrated that the preferred orientation 
of nuclei lying on a planar wall can be evaluated using the Winterbottom construction.  
Figure 5.6 shows how Cahn’s modeling is based on the Winterbottom construction.  With 
respect to anisotropic interfacial energy, Cahn and Taylor examined oriented 




Figure 5.6 Winterbottom diagram in Cahn’s study shows the equilibrium shape 
of a nucleus. 
 
Figure 5.7 Area (or volume) vs interfacial energy graph shows the preferred 
orientation of heterogeneous nucleus.   
associated with anisotropic nuclei.  Consequently, the selected orientation by 
heterogeneous nucleation could be altered by the interfacial energy anisotropy.  The 
assumption that the interfacial energy between nuclei and a planar substrate is isotropic 
(which authors likely and intentionally chose in order to emphsize and demonstrate that 
the consideration of the anisotropic interfacial energy alone could lead to the selection of 
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certain orientations in heterogeneous nucleation), could also lead to more interesting 
details concerning the oriented heterogeneous nucleation phenomenon.  Figure 5.7 shows 
quantitative analysis for heterogeneous nucleation with textured grains based on Cahn’s 
study. 
5.2.2 D.  Y.  Li and J.  A.  Szpunar 
Based on experimentally observed microstructure of solidified Al, Li and 
Szupunar suggested that oriented heterogeneous nucleation has taken place during the 
solidification.  They have also tried to substantiate their argument by performing 
thermodynamic analysis in which they assume that contact angle is no longerr constant 
(i.e., isotropic) but is instead depend on the orientation of solid nuclei.  This “classic” 
contact-angle-based treatment essentially ends up being the opposite case scenario 
compared to that of Cahn and Taylor.  Whereas Cahn and Taylor has assumed that solid-
liquid interfacial energy to be anisotropic and solid-wall interfacial energy to be isotropic, 
Li and Szpunar’s treatment corresponds to the case in which solid-liquid interfacial 
energy is isotropic while solid-wall interfacial energy is anisotropic.  In other words, the 
modeling for describing orientation selection during nucleation is clearly not fully 
consistent and satisfactory, because the modeling assumes the interfacial energy between 
solid and liquid to be isotropic. 
5.3 Modeling of oriented nucleation 
There are three interfacial free energies that we are concerned with in this work.  
One is the interfacial free energy between solid and liquid (γSL), which has been well 
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studied.  70, 71, 72, 73, 74,75 The γSL involving a crystalline phase is anisotropic, although its 
interface may be non-faceted for typical metallic systems . 76, 77, 78, 79 Thus, we will 
assume γSL to be anisotrpic.  Another is the interfacial free energy between the liquid 
phase and the catalyzing wall (γLW) which we take to be isotropic (an assumtion that is 
justified as the liquid is without long-range structure and the wall/substrate is amorphous 
SiO2), and the other is the interfacial free energy between the embyronic solid and the 
substrate wall (γSW) which we assume to be anisotrpic (as the crystal solid itself is 
involved).  The schematic diagrams are shown in Figure 5.8 for isotropic and anisotropic 
interfacial energies. 
  
Figure 5.8 These are examples of isotropic and anisotropic interfacial energies 
using polar coordinates. 
5.3.1 Isotropic interfacial energy between liquid and wall (γLW) 
The interfacial free energy of a liquid-wall (γLW) can be isotropic or anisotropic 
depending on the structure of the wall.  In this study, we assume that γLW is isotropic 
because liquid is without any crystalline structure and the substrate is amorphous (and 
therefore also without any long-range structure); consequently, the interfacial free energy 
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of liquid-wall can be argued as being isotropic in this study.  In addition, we will evaluate 
nucleation barriers as a function of γLW. 
5.3.2 Interfacial free energy between solid and wall (γSW) 
The interfacial free energy of solid-wall (γSW) is must also be anisotrpic, as the 
solid itself is anisotropic, and such an order must be reflected in the interfacial enegy 
between these two solids.  (The substrate being amorphous, however, makes the situation 
simple to deal with in that the orientation of the substrate does not matter here, and only 
the orientation of the solid nucleus is of relevance.)  Nonetheless, for the sake of 
obtaining a global picture, we will consider γSW as isotropic and anisotropic.  As a result, 
we will determine the effects of isotropic and anisotropic γSW in this study, so that we will 
be able to examine and appreciate how the interfacial free energy can cause certain 
orientations to dominate during heterogeneous nucleation. 
5.4 Modeling results 
5.4.1 General solution 
Wulff’s theorem is an important first step one has to take to study the orientation 
of nuclei.  In Wulff’s theorem, the equilibrium shape of small particles, determined by 
the minimized surface energy, can be used to show the orientation of the particles.  For 
extending the general approach to the case of heterogeneous nucleation, one must follow 
the approach taken by the Winterbottom construction.  (It builds on Wulff theorem, and is 
essential in dealing with how oriented heterogeneous nucleation can take place in 
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condensed systems).  Cahn and Taylor exsercise is significant as their work connects the 
Winterbottom construction to the phenomenon of heterogeneous nucleation, in general, 
and shows how the anisotropic interfacial energy between solid and liquid phases can and 
likely lead to oriented nucleation of solids. 
In this work, the Winterbottom construction will give us the shape of a crystal of a 
given orientation on a wall.  Figure 5.9 shows a γ plot of isotropic and anisotropic 
interfacial energies versus orientation in two dimensions.  The equilibrium crystal shape, 
for a nucleus enveloped by liquid on a wall is the Wulff shape, truncated by γSW - γLW.  
Cahn and Taylor found that the result of the equilibrium shape of a heterogeneous 
nucleation γSW is isotropic.  Thus, we will focus our consideration on the case of 
anisotropic γSW. 
 
Figure 5.9 Three plots show the examples of area (i.e., volume in 3D) vs the 
interfacial energy of liquid-wall:(a) <10> oriented shape, (b) <hk> 
oriented shape, and (c) <11> oriented shape by numerical calculation.   
When evaluating nucleation barriers with respect to orientation, it is useful that 
the function of the nucleation barrier is described as a function of γLW.  Although we 
don’t have the exact shape of γSW, we can draw the graphs of nucleation barriers for each 
orientation of nuclei as shown in Figure 5.10.  For instance, when γSW is isotropic, the 
result we obtain converges exactly to the results by Cahn and Taylor.  If γSW is 
(a) (b) (c) 
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anisotropic, the equilibrium shape and orientation can be determined the graph of the 
nucleation barrier.  The graph can be linear, curved, or a combination of both.  
In order to consider an energy-favorable orientation, we have to combine all the 
nucleation barriers, based on different orientations, on a graph, as shown in Figure 5.10.  
The anisotropy of γSW determines the energy of the nucleation barrier, depending on the 
orientation.  As a result, the orientation that has the lowest energy at a given γLW is the 
orientation that is expected to dominate when nucleation takes place.  Figure 5.10 (a) 
shows an invariant, favorable orientation and Figure 5.10 (b) shows the transition of 
favorable orientations as a function of γLW.  Ultimately, anisotropic interfacial energy 
leads to oriented heterogeneous nucleation of crystalline solid. 
 
Figure 5.10 Area vs. the interfacial energy of liquid-wall shows the preferred 
orientation of nucleus corresponding to a simplified two-dimensional case 
5.5 Discussion 
In the previous section, we proposed that interfacial energies between the 
crystalline solid, liquid matrix, and amorphous substrate should be considered when 
evaluating heterogeneous nucleation of solids taking place in laser quenched metallic 
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liquid films on SiO2.  Based on assuming physically consistent scenarios for involved 
interfacial energies, our exercise involving Wulff’s theorem with Winterbottom 
construction provides results that explains oriented heterogeneous nucleation of solid.  
Consequently, the our physically consistent modeling can be used to properly describe 
texture formation during heterogeneous nucleation-led solidification of laser quenched 
thin films, and lead us to further understand how the texture can change under varied 
conditions.  
5.5.1 Quantitative analysis 
As a specific example, we chose a simple model in 2-D, which has anisotropic γSL 
and γSW, and isotropic γLW.  We assumed that the nuclei of a crystalline solid corresponds 
to our experimental situation, specifically, that nuclei form on a silicon oxidized wafer 
after laser irradiation.  We used a simple, nearest-neighbor, broken-bond model to 
determine γSL as shown in Figure 5.11.  As far as γLW is concerned, we will consider it to 
be isotropic, since γLW is the interfacial energy between two disordered phases, liquid and 
amorphous solid.  This conveniently leads us to use γLW as a variable of the nucleation 
barrier function.  To treat γSW in a simplified manner, we needed to reconstruct the 
interfacial energy between solid and wall in our framework. 
We assumed that the interfacial energy between solid and liquid should follow the 
anisotropy in crystalline solids, since solid is an ordered phase and a liquid is a disordered 
phase in condensed systems.  Thus, the property of the solid is dominant in the condensed 
system.  Therefore, the anisotropy of the crystalline solid affects the shape of γSL.  A 
similar argument can be made with respect to γSW.  The anisotropy of the crystalline solid 
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dominated the properties of the γSW value.  As such, we propose that γSL and γSW should 
approximately correlate to one another.  One simple way to express this relationship is 
γSW = α·γSL as shown in Figure 5.12 
 
Figure 5.11 Solid-liquid, solid-wall and liquid-wall interfacial energies 
following our hypothesis are shown. Solid-liquid and solid-wall interfacial 
energies are considered to be anisotropic and have close behavior 
according to solid orientation. We, furthermore, assume that the solid-wall 
energy is proportional to the solid-liquid energy. Liquid-wall interfacial 
energy is considered to be isotropic. 
 




Since we have determined γSL, γLW, and γSW = α·γSL, we can construct the γ-plot to 
evaluate the equilibrium shape of nuclei.  Figure 5.13 shows one of the cases that 
corresponds to our circumstances.  The outer line in Figure 5.13 represents γSL and the 
inner line shows γSW - γLW.  The dashed line becomes the equilibrium shape of nuclei via 
the Winterbottom construction.  The equilibrium shape in Figure 5.13 (a) exhibits a <10> 
orientation, and the shape in Figure 5.13 (b) shows <11> orientation. 
  
Figure 5.13 These graphs show preferred orientation of nuclei as a function of 
the liquid-wall interfacial energy: (a) No preferred orientation change 
depending on orientation and (b) preferered orientation changes as a 
function of liquid-wall interfacial energy.  
Subsequently, we can evaluate nucleation barrier functions.  In Figure 5.13, the 
function of γLW is illustrated for each orientation.  Each curve in Figure 5.13 shows a 
nucleation barrier at a given orientation.  As was mentioned previously, the lowest 
nucleation barrier at a given γLW becomes the favorable orientation of heterogeneous 
nucleation.  In addition, Figure 5.13 (a) shows an invariant favorable orientation while 
Figure 5.13(b) shows the transition of favorable orientations depending on γLW.  
Ultimately and not surprisingly, it is the anisotropic interfacial energies that lead to 




5.5.2 Finite temperature effect on equilibrium shapes 
As the temperature is decreased from the equilibrium temperature, we anticipate 
that the interfacial free energy of the nuclei may change.  If the temperature in condensed 
systems is lower than the equilibrium point, the simple nearest-neighbor, broken-bond 
model is no longer appropriate.  Instead, the equilibrium shape can better be described in 
terms of the terrace-ledge-kink (TLK) model.  This model is best suited to describe low-
temperature and low-step-density situations.  Using the TLK model, the interfacial free 
energy was calculated by Gruber and Mullins for the case of noninteracting steps.80 




Figure 5.14 .  Schematic drawing shows the section through a terraced surface 
at 0 degrees.80 
The change in interfacial energy associated with decreasing temperatures was 
examined by McLean.  81 Both theoretical and experimental results indicate that the 
interfacial free energy of small solids becomes larger when the temperature in condensed 
systems decreases from the equilibrium point.  Here, we consider the undercooled liquid 
temperature for affecting the equilibrium shape in oriented heterogeneous nucleation.  It 
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turns out that when we replace the simple nearest-neighbor broken-bond model with the 
TLK model, we can get quantitative results (which are shown as Figure 5.15).  
  
Figure 5.15 These graphs compare the preferred orientation between (a) low 
and (b) high temperature. 
The value of the ratio of the interfacial energy between some finite temperature 
and absolute zero is increased as the distance between the lowest and largest interfacial 
energies became greater.  In other words, the favored orientation of heterogeneously 
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7. Appendices  
  
7.1 Double “micro-flood” irradiation of Cu films 
Double micro-flood irradiation can remove impurities that resolve above film 
melting temperature.  The double micro-flood irradiation has been used for the 
reproducibility of the experiment.  For instance, Al film nucleation uses double micro-
flood irradiation to prove spatial and temporal randomness of the nucleation process.3 
The resulting microstructure of double micro-flood irradiation of Cu films is shown in 
Figure 7.1.  The first micro-flood irradiation is located on the left and bottom, and the 
second micro-flood irradiation is located on the right and top of Figure 7.1.  To 
investigate nucleated grains and lateral growth length as a function of energy density, 
nucleated and laterally grown grains on a twice irradiated and nucleated microstructure 
area, is demonstrated on the right and top of Figure 7.1.  In particular, the overlapped area 
between the laterally grown grain of the first irradiation and the microstructure of the 
second irradiation was avoided because there were varied thicknesses of Cu films, and 




Figure 7.1 SEM image shows double micro-flood irration on a 1 µm Cu film.  
The first irradiation was on bottom and the later irradiation was on middle 
of SEM image.  Laterally grown Cu grains induced pulsed-laser-irradiation 
is limited by nucleated grains 
The results of the double micro-flood irradiation of Cu films, nucleated and 
laterally grown grains as a function of energy density, are similar to other studies.2, 3, 11 
When laser energy density rises above the complete melting threshold (CMT), laterally 
grown grains occur.  The threshold value is approximately 1.147 J/cm2.  From CMT, the 
width of the laterally grown region increased as the energy density increased.  Compared 
to the lateral growth length, the nucleated grain size seemed to be insensitive, although 
the grain size slightly increased as the energy density increased.  The two results are 
similar to previous studies that used Si films with laser crystallization.82 It is interesting 
to note that the combining of lateral growth length of single micro-flood irradiation and 
double micro-flood irradiation shows the intrinsic nucleation process of Cu films.  It is 
possible for double micro-flood irradiation to reduce contamination and get ride of 
impurities of Cu films.  Consequently, intrinsic nucleation occurred on 1 µm Cu films via 
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double micro-flood irradiation.  For the advantage of double micro-flood irradiation, the 
first irradiation should be used at high energy density regime above complete melting 
threshold.  It is shown in Figure 7.2.  The lateral growth length of single micro-flood 
irradiation meets the length of double micro-flood irradiation at an energy density of 
2.205 J/cm2. 
 
Figure 7.2 Lateral growth length and nucleated grain radius vs energy density 





Figure 7.3 Graph shows the comparison of single and double irradiation 
performed on 1 µm Cu / 2 µm SiO2. 
 
7.2 Nucleated grains on double “micro-flood” irradiation  
As the previous studies of laser crystallization for thin films have shown, the 
nucleated grain size and the laterally grown grain size on Cu films increased as energy 
density increased.  However, the results shown in Figure 2.6, that nucleated and laterally 
grown grains vary as a function of energy density, do not support previous study data.  
The plot of the nucleated-grain size of Cu films has a Gaussian shape.  This is compared 
to the nucleated-grain size of Si films, which has been shown to be insensitive to energy 
density. 
There are several different grain formation mechanisms, which can occur when a 
square with an inner region of 320 µm x 320 µm is irradiated by a spatially uniform laser 
beam.  One such mechanism is the nucleation process.  Nucleation of Cu films has an 
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effect on the length of laterally grown grains.  The laterally grown grains could growth 
until they met nucleated grains.  Thus, the nucleation rate became important for the 
length of the lateral grains.  When liquid temperature decreases below the equilibrium 
point, the nucleation probability increases and the more copious nucleation occur.  
Consequently, the nucleation, with a high nucleation rate, prevented the lateral grains 
from being longer.  From energy density 2.25 J/cm2, copious nucleation of Cu films 
occurred, and lateral growth lengths were limited by the nucleation.  As a result, 
nucleated-grain size and lateral growth length decreases after the energy density is greater 
than 2.265 J/cm2.  For example, the maximum number of nucleation occurs at an energy 
density of 2.25 J/cm2, so that the nucleated grains occlude the near nucleated and laterally 
grown grains, which prevents a large microstructure from forming.  The different number 
of nucleation may be caused by contaminations or impurities of Cu film substrates.  To 
avoid the issues of the substrates, a double micro-flood irradiation experiment is needed. 
Because of the contamination and impurities of copper films, samples had 
irregular structural changes after single micro-flood irradiation.  The irregular structures 
are grains with the Voronoi polygon shape, which are shown in Figure 7.4.  The seeds of 
the grain might be unmelted in the complete melting regime because of contamination 
and impurities.  Thus, the grains with the Voronoi polygon shape were considered to be 
grains that grew simultaneously, or later than occluded grains, that were near other 
grains.  As a result, the distances from a grain-initiated point to a grain’s interface are 
equivalent between two nearest grains with the Voronoi polygon shape.  Compared to the 
length of the grains with Voronoi polygon shape, the length of nucleated grains was 
different.  The lengths were measured from the nucleation-initiated point to the interface 
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between two nucleated grains.  This is shown in Figure 7.4.  which is the case of Al 
nucleation by single micro-flood irradiation.  During solidification there was a difference 
in interfacial velocity and interfacial temperature between the grains with the Voronoi 
polygon shape and laterally grown grains.  The laterally grown grains had a one-
dimensional thermodynamic process, whereas the grains with the Voronoi polygon shape 
had a two-dimensional thermodynamic process because the grains with the Voronoi 
polygon shape were surrounded by a copper liquid phase. 
 
Figure 7.4 SEM image of the Voronoi polygon shaped grains after single micro-




Figure 7.5 AFM image of the Non-voronoi polygon shaped grains after single 
micro-flood irradiation on 167nm Al on Corning glass substrate. 
To analyze a grain with a Voronoi polygon shape, it is necessary to determine 
whether it is a single large grain or multi grains.  The surface profile of the grain shows 
that the grain is different from nucleated grains, as shown in Figure 7.6.  and Figure 7.7.  
Furthermore, the grain consisted of sub-grains, which have individual orientations and 
are divided by twin boundaries formed during solidification.  Figure 7.8.  shows the 
Voronoi polygon shaped grain with twin boundaries.  The initial seed orientation is 
considered to be <111> orientation in the normal direction for the Voronoi grain.  When 
stress was sufficient to form defects during solidification, twin boundaries, in particular Σ 
3 and Σ 9 boundaries, occurred.  It is interesting to note that the Σ 3 boundary on the 
Voronoi grain didn’t change the orientation in the normal direction.  In contrast, the Σ 9 




Figure 7.6 SEM and AFM 3D image of the Voronoi polygon shaped grain on 1 
µm Cu / 2 µm SiO2. 
 
 
Figure 7.7 Surface profile of the Voronoi polygon shaped grain on 1 µm Cu / 2 
µm SiO2.   
 
Figure 7.8 EBSD image of the Voronoi polygon shaped grains for grain 
orientation and twin boundary analyses on 1 µm Cu / 2 µm SiO2. 
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7.3 Laser energy for SLS 
As was mentioned in Section 3.2.1, the laser energy density is important to 
control surface morphology and texture.  Therefore, energy stability during the SLS 
process is necessary for optimizing Cu films, since the SLS process is the iterative 
process of irradiation and re-positioning.  The stability was measured during directional-
SLS processing on 1 µm Cu films, which is described in Table 7.1 and Figure 7.9.  The 
average energy density is 11.490 and its standard deviation is 0.150 for experiments.  The 
maximum and minimum energy densities during directional-SLS process were 11.906 
and 10.920.  A variety of energy density levels were used in order to locate a consistent 
microstructure of crystallized 1 µm Cu films, which, in turn, determined the energy 
density regime.  The distribution of irradiated energy density for each sample has a 
gaussian shape.  The step distances, 8um, 5um and 2 µm, have close peaks in 11.5.  On 
the other hand, these experiments were satisfied with reliable laser conditions for the SLS 
process. 
 
Table 7.1.Table shows average, standard deviation, maximum and minimum 
energy density while directional-SLS was processing on 1 µm Cu films with 




Figure 7.9 Histograms show the energy density variation for directional-SLS 
process on 1 µm Cu films. 
 
7.4 Surface morphology of Cu films via single irradiation 
Given the surface morphologies of crystallized regions tracing across the 10um, 
20um, 30um and 40um slit-patterned regions, the surface morphologies of the laterally-
grown regions are quite similar to each other.  However, between melt-mediated growth 
of copper and silicon, the surface morphologies should be different, since the change of 
Cu and Si densities from liquid to solid are opposite.  The density of Cu solid phase is 
8.94g/cm3, and Cu liquid phase is 8.02g/cm3.  The density of Si solid phase is 2.32g/cm3, 
and Si liquid phase is 2.57g/cm3.  Previous studies of surface morphology for thin Si 
films reported that a single protrusion in the center indicates where the two opposing 
lateral growth fronts have impinged if nucleation is absent from the central portion of the 
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irradiated region.  In the laterally solidified region of the higher energy irradiation, a 
slight hump can be discerned.  The increase of density, which occurs while the liquid 
phase changes to the solid phase, is thought to cause the protrusion.  Interestingly, in the 
opposite case, where there is a decrease of density during solidification, the Cu slit-
patterned irradiation shows the same protrusion occurring. 
Regarding laser induced crystallization of metallic films, the increased energy 
density of irradiation led to an increase in interface temperature and a change in mass 
flow during solidification.  Consequently, a single protrusion formed where two opposing 
laterally grown grains impinged.  The results of varied energy density irradiations using 
30um slit-patterned masks are shown in Figure 7.10 as three-dimensional surface AFM 
images and in Figure 7.11 as cross-sectional AFM images.  The forming shape of surface 
morphology is not due to the change of density between liquid and solid, but may come 
from physical pressure after laser irradiation.  In the experiment, the completed melting 
threshold (CMT) is located at 1.055 J/cm2, in sample #16.  The CMT value is less than 
the value in the case of micro-flood irradiation, in chapter 2, since the thermal dissipation 
of irradiated area is limited by a 30µm slit width.  There is no clear evidence; however, 
the surface morphology can be explained by the following.  By laser irradiation, the 
liquid surface may be suppressed to a reduced volume.  It may be expressed as 
instantaneously the material density increased and the volume decreased at the interface 
between the unmelted and melted regions.  The temperature of the interface dropped 
below the melting point and solidification occurred.  As the interface temperature of Cu 
films decreased, the density of Cu liquid phase increased and the volume, decided by the 
surface tension between solid and liquid phases, increased.  The Cu atoms accumulated in 
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the liquid phase as a result of reduced volume in the laser irradiated area.  The 
accumulated Cu atoms led to an abrupt change in the tension.  Thus, very steep 
impingement formed in the center of the irradiated area.  From sample #16  to #26 in 
Figure 7.10 and Figure 7.11, it was observed that discontinuous volume reduction 
occurred at the beginning of solidification.  Then, the surface profile gradually rose from 
the lowest position.  The impingement formed abruptly near the center.  In sample #32, in 
Figure 7.10 and Figure 7.11, the gradual protrusion was comparably insignificant.  This 
may be due to the high interface temperature during solidification, along with the high 
energy density irradiating the sample. 
 
Figure 7.10 AFM 3D surface morphology analyses show the energy density 
variation for the microstructure of single-irradiation using a 30µm slit on 
Cu 1 µm / SiO2 2 µm films. 
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Figure 7.11 Cross-sectional analyses show the energy density variation for the 
microstructure of single-irradiation using a 30 µm slit on Cu 1 µm / SiO2 2 
µm films. 
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